Georgia State University

ScholarWorks @ Georgia State University
Physics and Astronomy Dissertations

Department of Physics and Astronomy

8-13-2019

Characterizing Bars in Low Surface Brightness Galaxies
Wesley C. Peters

Follow this and additional works at: https://scholarworks.gsu.edu/phy_astr_diss

Recommended Citation
Peters, Wesley C., "Characterizing Bars in Low Surface Brightness Galaxies." Dissertation, Georgia State
University, 2019.
doi: https://doi.org/10.57709/14855693

This Dissertation is brought to you for free and open access by the Department of Physics and Astronomy at
ScholarWorks @ Georgia State University. It has been accepted for inclusion in Physics and Astronomy
Dissertations by an authorized administrator of ScholarWorks @ Georgia State University. For more information,
please contact scholarworks@gsu.edu.

CHARACTERIZING BARS IN LOW SURFACE BRIGHTNESS GALAXIES

by

WESLEY C. PETERS

Under the Direction of Rachel Kuzio de Naray, PhD

ABSTRACT

Bars in low surface brightness galaxies (LSBs) are relatively understudied despite being
important tools for our understanding of galaxy formation and evolution. Drawing from
various LSB surveys, we obtained B- and I-band images from the ARCTIC imager on the
3.5m telescope at Apache Point Observatory of 15 barred LSBs in order to measure the three
bar properties: length (Rbar ), strength (Sb ), and corotation radius (RCR ). For 11 of these
galaxies, we present new B- and I-band surface brightness profiles, magnitudes, and colors
and find that barred LSBs are slightly brighter than the general LSB population, but have
similar blue colors. In order to characterize the pattern speed of the bars in LSBs, we use
phase crossings of the B- and I-band images to measure the corotation radius and a new
bar length measure using azimuthal light profiles to calculate the relative bar pattern speed
R ≡ RCR /Rbar . We also assembled a sample of 26 barred high surface brightness galaxies
(HSBs) to explore how bar properties correlate with various galaxy properties. We find
that Rbar and Sb correlate with galaxy morphology, stellar mass, surface brightness, and gas

fraction, but that R does not correlate with any galaxy properties. While previous works
have shown bars are fast across morphology and redshift, we have extended this to surface
brightness and present the currently largest sample of R measurements for barred LSBs. As
LSBs are expected to form in high spin dark matter halos, we estimated the underlying halo
spin λ and indeed found high spins of λ > 0.03 for the majority of our barred LSBs. This
work sheds light on a relatively understudied galaxy population, and future work will help to
put our results into context with our current understanding of galaxy formation and evolution.
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Chapter 1
Introduction

1.1

Low Surface Brightness Galaxies

As has been pointed out for a long time, our view of the Universe is heavily biased towards
what we are able to see (Zwicky 1957; Disney 1976). While this may seem an obvious and
innocuous statement, it has significant implications for the picture we form of the Universe.
More specifically, galaxies we observe are determined by both their brightness, as well as the
brightness of the sky itself. One of the consequences of this fact was an observation that almost
all galaxies tended to have central surface brightnesses µ0 (B) = 21.65 ± 0.30 mag arcsec−2
(Freeman 1970). As µ0 approached the level of the sky (typically ∼ 22.8 mag arcsec−2 in B,
e.g. Pedani 2009), however, the number of observed galaxies declined sharply. This implied
that either the Universe was aware of our observational sky-level, or that we were actually
missing galaxies with central surface brightnesses fainter than this observational limit.
In the 1980s and 1990s, it began to become clear that the second scenario was the case
and that we were missing a significant portion of the galaxy population due to limitations
in our instruments. In fact, the bias was so severe that we were probably missing more
than half of the true galaxy population in the Universe (McGaugh et al. 1995b; McGaugh
1996; Bothun et al. 1997; O’Neil & Bothun 2000; Trachternach et al. 2006). Thankfully, our
understanding of these low surface brightness galaxies (LSBs) has greatly increased over the
past three decades, with significant numbers being discovered and studied, from early visual
and machine based searches of images and sky surveys (e.g. Schombert et al. 1992; Impey et
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al. 1996), to recent large scale surveys (e.g. Zhong et al. 2008; Greco et al. 2018; Du et al.
2019). While there is not a set definition for these galaxies, there is a general consensus on
µ0 (B) = 22.5 mag arcsec−2 separating high surface brightness galaxies (HSBs) and LSBs.
Presently, we know that LSBs are on a different end of the galaxy spectrum from the
familiar galaxy population of HSBs in more than just their luminosities. Specifically, they
appear to be relatively unevolved systems with low metallicity (McGaugh & Bothun 1994;
van Zee et al. 1997a; de Blok & van der Hulst 1998; Kuzio de Naray et al. 2004), low star
formation rates (van der Hulst et al. 1993; van Zee et al. 1997a; Bell et al. 2000; van den Hoek
et al. 2000), high gas fractions (de Blok et al. 1996; McGaugh & de Blok 1997; Burkholder et
al. 2001), and, most interestingly, are dominated by dark matter at nearly all radii (de Blok
& McGaugh 1996; de Blok et al. 1996; McGaugh et al. 2000; Swaters et al. 2003). While
historically LSBs tended to be bluer (McGaugh & Bothun 1994; de Blok et al. 1995; Impey
et al. 1996), this ended up being a result of photometric plates being biased towards bluer
colors. Now, a significant red LSB population is known to exist (O’Neil et al. 1997; Greco
et al. 2018), suggesting that there exists a range of ongoing star formation within LSBs.
These red LSBs show similar low surface densities to blue LSBs, but appear to have had a
more accelerated evolutionary history, possibly due to interactions with neighboring galaxies
(O’Neil et al. 1997), and generally have earlier Hubble types.
A comparison between an LSB (NGC 4395, top panel) and HSB (M63, bottom panel)
is shown in Fig. 1.1 with SDSS gri composite images. Here, both galaxies subtend roughly
∼ 120 on the sky, but M63 is twice the distance of NGC 4395, ∼8 kpc vs ∼4 kpc. Other than
the clear difference in brightnesses, we can see that NGC 4395 is much bluer than M63 and
has a more diffuse structure.

1.2

Bars in LSBs

We now know that we have been missing a significant fraction of the galaxy population, and
that our current view of the Universe is biased towards the very brightest galaxies. However,
2

Figure 1.1: A comparison between an LSB (NGC 4395, top panel) and HSB (M63, bottom
panel). Both galaxies subtend ∼ 120 on the sky, but M63 is twice the distance of NGC 4395.
we have further classified the known galaxy population into a number of groupings, namely
ellipticals and spirals. Therefore, a logical question would be: are also missing various types
of LSBs, and if so, what can these relatively unknown galaxies tell us about galaxy evolution?
3

Figure 1.2: The strongly barred HSB galaxy NGC 1300. Image credit: HST/NASA/ESA.
For example, the spiral galaxy population is further broken up into two subcategories: barred
and unbarred. A bar is a component of stars in the center of a galaxy disk where stars are
mostly locked in radially oscillating orbits (when viewed from the rotational reference frame).
When examining HSBs, nearly 60% of spirals are hosts to bars (Eskridge et al. 2000; Marinova
& Jogee 2007; Menéndez-Delmestre et al. 2007). However, this fraction strongly depends
on wavelength, with bluer bands showing a lower bar fraction. As bars are mostly stellar
features, they are most prominent in near infrared bands, where the above 60% fraction is
derived from. An example of the strongly barred HSB NGC 1300 is shown in Fig. 1.2 (Image
credit: HST/NASA/ESA). Note the presence of dust lanes within the bar, as well as how the
spiral arms begin at the ends of the bar. That bars can affect the structure of a galaxy disk
is well known.
Given that bars are found in the majority of HSB galaxies, they are important in our
understanding of galaxy evolution (such as the feeding of active galactic nuclei and angular
momentum transfer between the disk and dark matter halo) and are a major focus of study. In
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the literature, bars are usually classified by three properties: length, strength, and corotation
radius. The bar length, Rbar , is simply the extent of the bar in the galaxy disk. However,
measuring this is not as straightforward as it seems, and there are many definitions. The bar
length is generally necessary for determining the other two parameters, so it is vital that this
parameter is determined as accurately as possible.
The strength of a bar generally measures the non-axisymmetric forces from the bar
potential (Laurikainen & Salo 2002), but there is no universally agreed upon definition or
measure of it. For example, Abraham & Merrifield (2000) define a quantity based on the
ellipticity of the bar that ranges from 0 (unbarred) to 1 (infinitely strong), Combes & Sanders
(1981) defined a parameter based on the ratio of tangential to radial forces, and many other
definitions are based on Fourier decompositions and ellipticities (e.g. Wozniak et al. 1995;
Aguerri et al. 1998). Bar length and strength show general trends with galaxy properties,
with longer and stronger bars found in earlier Hubble types and red, gas-poor galaxies.
The corotation radius, RCR , is the radius at which orbits in the disk are equal to the
pattern speed of the bar (Ωb ), or where the net forces cancel out in the rotating reference
frame. With this parameter, one can characterize the pattern speed of a bar as ‘fast’ or
‘slow’ by the relative bar pattern speed R ≡ RCR /Rbar . This is useful as it can be used to
see if bars have been slowed down by dynamical friction with the dark matter halo. When
examining HSBs, bars are fast across the Hubble sequence (Aguerri et al. 2015) as well as
redshift (Pérez et al. 2012), implying that there has not been significant angular momentum
transfer between the bar and dark matter halo. R is an easier parameter to measure than
Ωb due to the only direct measurement of the bar pattern speed (TW method, Tremaine &
Weinberg 1984) being quite observationally expensive (luminosity weighted spectroscopy is
required), as well as quite sensitive to uncertainties in disk position angle and inclination
(Debattista 2003; Corsini 2011).
While the majority of HSBs appear to be hosts to bars (∼ 60%), the bar fraction is much
lower when examining LSBs, ranging from a few percent in the optical catalogs of Schombert
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et al. (1992) and Impey et al. (1996), 8% in Mihos et al. (1997), and, most recently, ∼ 20% in
Cervantes Sodi & Sánchez Garcı́a (2017). This is attributed to a number of causes, namely
that LSBs are likely stable against local and global instabilities (Mihos et al. 1997), that high
gas fractions in galaxies can prevent bar growth (e.g. Masters et al. 2012), and that LSBs are
expected to form in high spin dark matter halos (Dalcanton et al. 1997; Jimenez et al. 1998;
Boissier et al. 2003; Kim & Lee 2013; Long et al. 2014) which can also prevent bar growth
(Cervantes Sodi & Sánchez Garcı́a 2017; Collier et al. 2018). Finally, as previously stated,
bars are most prominent in near infrared bands, which could also be a reason for the lower
bar fraction in these LSB surveys. There is only one LSB with a pattern speed measurement
(UGC 628, Chemin & Hernandez 2009; Chequers et al. 2016), and many recent studies focus
on galaxies with LSB disks rather than true LSB galaxies (e.g. Honey et al. 2016). As such,
bars in LSBs are not as well understood when compared with those in HSBs.
Recent work has shown that bars in LSBs are generally weaker and shorter than those
in HSBs (e.g Cervantes Sodi & Sánchez Garcı́a 2017), but there exists a lack of data with
regard to bar pattern speed measurements for LSBs. This is due to both the expensive nature
of spectroscopically observing LSBs, as well as complications in obtaining rotation curves
from velocity fields when bars are present (Spekkens & Sellwood 2007; Sellwood & Sánchez
2010). However, if the corotation radius is measured with photometry, it is then possible to
characterize all three parameters of bars in LSBs, and put them into context with those in
HSBs.

1.3

Goals

LSBs are vital to our understanding of the galaxy population as a whole, but are generally
biased against in surveys. In addition, barred galaxies are important tools for understanding
the evolutionary processes in galaxies, but barred LSBs are also avoided in studies for various
reasons. While some recent work has begun to shed light on bars in LSBs, they are not as
well understood as those in HSBs. In addition, the dynamical properties of bars in LSBs
6

(namely the corotation radius and pattern speed) are all but unknown due to there being
only a single LSB with a direct measurement. With this in mind, we set out to accomplish
the following:
1. Characterize the three bar properties for a sample of barred LSBs. We will
accomplish this by first identifying well studied LSBs in the literature that are also hosts
to bars for which we will develop and apply methods to measure the bar properties.
We will then extend these methods to a larger sample of barred LSBs with almost no
available data by obtaining new photometric measurements. Most importantly, we will
obtain the currently largest number of relative bar pattern speed measurements for
LSBs. We will use these measurements to determine if barred LSBs show evidence of
dynamical slow down due to dark matter halos.
2. Obtain surface brightness profiles, magnitudes, and colors for barred LSBs.
It is important to place these LSBs into context with unbarred LSBs. We will use these
measurements to investigate whether barred LSBs are brighter or fainter, have different
colors, or have different disk scale lengths than unbarred LSBs.
3. Obtain stellar and gas mass estimates for barred LSBs. As bar growth is
thought to be hampered by high gas fractions, it is important to see how the gas
fractions of barred LSBs compare to the general LSB population. We will use these
data to determine whether barred LSBs have different gas fractions than unbarred
LSBs.
4. Compare our results for barred LSBs with those of barred HSBs. We will
compare the two samples to determine if there are trends with bar properties across
surface brightness.
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1.4

Layout of Dissertation

In Chapter 2 we measure the bar properties of four well studied low surface brightness galaxies
that are hosts to bars. In Chapter 3 we expand our sample, measuring the bar properties in
11 additional LSBs that have not been studied at all. We also generate mock galaxy images
in order to quantify how accurate our bar length measures are, and we present full B - and
I -band photometry, and gas fractions for a portion of the sample. In Chapter 4 we explore
bar properties across stellar and gas mass by comparing LSBs to a sample of high surface
brightness galaxies. We place the results from these chapters into context with each other in
Chapter 5, as well as pose future work that is necessary to answer any outstanding questions.
Finally, we summarize each chapter and present our conclusions from this dissertation in
Chapter 6.
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Chapter 2
Pilot Study of Four Low Surface Brightness Galaxies
Peters, W. & Kuzio de Naray, R., “Characterising bars in low surface brightness disc
galaxies”, 2018, MNRAS, 476, 2938

2.1

Introduction

Low surface brightness galaxies (LSBs) are incredibly faint galaxies, typically defined as
having central surface brightnesses µ0 (B) ≥ 22.0 mag arcsec−2 . Due to this, LSBs are
very hard to detect, and have been biased against in large-scale surveys, even though they
may make up more than half of all galaxies (McGaugh et al. 1995b; Bothun et al. 1997).
Although they are faint, LSBs are not simply just small and featureless galaxies, but come
in a whole suite of morphologies comparable to ‘normal’ high surface brightness galaxies
(HSBs) (McGaugh et al. 1995a). As LSBs have bluer colors, lower star formation rates, and
lower metallicities than HSBs but similar total masses, they must have taken a different
evolutionary path (van der Hulst et al. 1993; van Zee et al. 1997a; van den Hoek et al. 2000;
Kuzio de Naray et al. 2004). Finally, LSBs are thought to be dark matter dominated at all
radii (de Blok & McGaugh 1996; de Blok et al. 1996; McGaugh et al. 2000; Swaters et al.
2003), making these galaxies vital to our understanding of galaxy formation and evolution.
Although LSBs are comparatively not as well understood as HSBs, their dark matter
domination is very well studied. Traditionally, understanding the nature of dark matter in
LSBs has been approached with the examination of HI/Hα rotation curves and decomposition
9

of baryonic and dark matter mass profiles (e.g. Swaters et al. 2000; de Blok et al. 2001b;
McGaugh et al. 2001; de Blok & Bosma 2002; Kuzio de Naray et al. 2006, 2008). In addition,
mock observations of simulated LSBs have also been used to test predictions from cold dark
matter simulations (de Blok et al. 2003; Kuzio de Naray et al. 2009; Kuzio de Naray &
Kaufmann 2011; Pineda et al. 2017).
While there has historically been disagreement over the reliability of observations, such
as concerns over HI beam smearing (e.g. van den Bosch et al. 2000; van den Bosch & Swaters
2001; Blais-Ouellette et al. 2004), Hα long-slit rotation curve resolution (e.g. Swaters et
al. 2003), or, more recently, unaccounted for gas dynamics (e.g. Pineda et al. 2017), these
have largely been accounted for. The result is that we are now left with observations that
conflict with expectations from cold dark matter simulations (e.g. McGaugh et al. 2001;
de Blok & Bosma 2002; Spekkens et al. 2005; Kuzio de Naray et al. 2006). Despite this,
pseudoisothermal dark matter halos still match observations rather well, suggesting LSBs are
embedded in massive dark matter halos.
A subset of LSBs have been historically avoided, however, in these kinematic studies:
those with bars. This is unfortunate as these galaxies may allow for a different approach
to exploring dark matter. Barred LSBs have been avoided for two major reasons. Firstly,
non-circular motions due to bars are not very well modeled or constrained, with both minimal
(van Eymeren et al. 2009) and significant (Spekkens & Sellwood 2007; Sellwood & Sánchez
2010) effects on rotation curves being detected. Secondly, as a consequence of their implied
dark matter domination, LSBs should be stable against bar formation, making these features
very rare.
Through visual classifications, Mihos et al. (1997) placed the bar fraction at ∼4% for
LSBs. They also used numerical simulations to show that global instabilities are unlikely
to form in LSB disks unless perturbed. This bar fraction was recently updated to ∼8% by
Honey et al. (2016) using optical SDSS images of LSB galaxies compiled from various catalogs.
Cervantes Sodi & Sánchez Garcı́a (2017) used a large sample of SDSS LSB galaxies classified
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from Galaxy Zoo 2 and found the bar fraction to be near 20%. Each of these fractions are far
lower than the ∼60% found in HSBs when using NIR imaging (Eskridge et al. 2000; Marinova
& Jogee 2007; Menéndez-Delmestre et al. 2007). This lower bar fraction likely stems from
the higher gas content of LSBs (Cervantes Sodi 2017).
There has been recent work on exploring bars in LSBs, mostly with numerical simulations,
to probe any correlations between bar morphology and host galaxy. Mayer & Wadsley (2004)
used high resolution simulations of gas dominated disks and found that bars could form if the
dark matter halo had a low concentration and the stellar component was higher than typically
observed in LSBs. Chequers et al. (2016) used hydrodynamical numerical simulations of
UGC 628 to estimate the bar pattern speed and found it to suggest the galaxy was not
dark matter dominated in the inner bar region. Cervantes Sodi & Sánchez Garcı́a (2017)
observationally found a strong dependance on bar length with disk surface brightness, as well
as finding weaker bars in comparison to HSBs.
Given the current lack of data for barred LSBs, our goal is to quantify bars in LSBs. We
hope to place these into morphological context with bars in HSBs, as well as infer properties
of the dark matter halos barred LSBs are embedded in. To accomplish this, we use optical B
and I -band images of four barred LSB galaxies and use these new data in combination with
archival Spitzer 3.6 µm data to quantify bar length and strength beyond a visual classification
or description. In addition, we use a photometric technique from Puerari & Dottori (1997) to
characterize the relative bar pattern speeds of our sample.
This chapter is organized as follows. In Sec. 2.2 we discuss our sample selection, observations, and data reduction. In Sec. 2.3 we detail how we construct our azimuthal light profiles
and how we measure the bar length, strength, and speed. In Sec. 2.4 we present the results
for each individual galaxy. In Sec. 2.5 we place our results into context with results from the
literature as well as into context with previous dark matter studies. Finally, in Sec. 2.6 we
list our conclusions from this work.
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2.2

Sample and Data

In this section we detail how we constructed our sample of barred LSB galaxies. We also
discuss our acquisition of new broadband B and I -band images of our targets, and the
retrieval of Spitzer 3.6 µm archival data. Finally, we detail our data reduction process,
including how we deproject our galaxy images.

2.2.1

Sample

As no single catalog of barred LSBs exists currently, we have begun assembling one from
multiple sources. We have examined the catalogs of Schombert et al. (1992) and Impey et al.
(1996) to visually identify barred LSBs. Schombert et al. (1992) and Impey et al. (1996) both
list large numbers of LSBs that give us a starting point for a sample selection: Schombert
et al. (1992) lists 198 LSBs identified visually from the Second Palomar Sky Survery (Reid
et al. 1991), whereas Impey et al. (1996) lists 693 LSBs identified from a combination of
visual and machine scan searches. A few galaxies from Schombert et al. (1992) have Spitzer
3.6 µm images (Schombert & McGaugh 2014), giving total stellar masses for these galaxies.
The galaxies found in Impey et al. (1996), however, have very rarely been observed again.
Because we are interested in the traditional LSB (i.e. dark matter dominated at all radii)
from these catalogs, we avoid selecting bulge-dominated galaxies (e.g. Beijersbergen et al.
1999) and those that only have LSB outer disks.
We also search the samples of Swaters et al. (2000), de Blok et al. (2001b), McGaugh et
al. (2001), de Blok & Bosma (2002), Kuzio de Naray et al. (2006), and Kuzio de Naray et al.
(2008). These studies provide rotation curves and mass models for numerous LSBs. Some of
these galaxies overlap with the sample of Schombert et al. (1992).
Finally, we also have selected UGC 628, which has had its bar pattern speed measured
via Fabry-Perot kinematics (Chemin & Hernandez 2009) and numerical modeling (Chequers
et al. 2016).
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Table 2.1: Barred LSBs used in this study. Disk inclinations and P.A.s are derived from our
data using ELLIPSE, except for F563-V2 where we take the disk parameters from de Blok et
al. (2001b). The distance for UGC 628 was taken from de Blok & Bosma (2002), with the
rest taken from de Blok et al. (2001b).
Galaxy
UGC 628
F563-V2
F568-1
F568-3

R.A.
Dec.
Inc.
(J2000)
(J2000)
(°)
01:00:51.9 +19:28:33 58.2±0.7
08:53:03.8 +18:26:09
29
10:26:06.3 +22:26:01 24.9±3.8
10:27:20.2 +22:14:24 39.6±1.8

P.A.
D
(°)
(Mpc)
-42.8±0.9
65
-32
61
-86.0±7.9
85
-11.4±2.2
77

For this chapter, we have selected four LSBs of varied morphology and that have previous
kinematic mass modeling: UGC 628, F568-1, F568-3, and F563-V2. UGC 628 and F568-1
display clear grand-design structure. However, these types of LSBs are rather rare. The other
two, F568-3 and F563-V2, are more indicative of typical LSB structure, with F568-3 having
a clear disk but very messy spiral structure, and F563-V2 having rather tenuous disk and
arm structure.
Properties of our sample are listed in Table 2.1. The disk inclinations and position angles
(P.A.) listed here are derived from our data (with F563-V2 an exception) and discussed later
in the text. The distance for UGC 628 is taken from de Blok & Bosma (2002), with the
remaining distances taken from de Blok et al. (2001b).

2.2.2

Data

We have obtained broadband B and I -band images of our targets using the ARCTIC imager
on the 3.5-m telescope at Apache Point Observatory1 . ARCTIC has a field of view of 7.50 ×7.50 .
We used ARCTIC in single read out mode with 2×2 binning, giving a plate scale of 0.228
arcsec/pix.
ARCTIC observations for UGC 628 were taken on 2016 August 7. ARCTIC observations
of F568-1 and F563-V2 were obtained on 2017 February 24. Observations for F568-3 were
1

Based on observations obtained with the Apache Point Observatory 3.5-meter telescope, which is owned
and operated by the Astrophysical Research Consortium.
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taken on 2017 February 28, along with additional observations for F568-1 and F563-V2. We
observed UGC 628, F568-1, and F563-V2 with 3×600 sec exposures in both B and I. We
observed F568-3 with 2×600 sec exposures in both bands. We dithered 15 arcsec between
each exposure in both bands to correct for bad pixels and cosmic rays.
We also obtained fully reduced 3.6 µm images of our sample from the Infrared Science
Archive (IRSA) published in Schombert & McGaugh (2014). Observations had a maximum
exposure time of 100 sec, and the final images have a pixel scale of 0.60 arcsec/pix.

2.2.3

Data Reduction

The Spitzer 3.6 µm images are fully reduced and flux calibrated. We converted the units
of the image from MJy/sr to counts/pix using data from the header files in order to be
compared with our optical images. The sky-background was determined by using the average
value of six 50×50 pixel star-free boxes on each image to determine a mean sky which was
then subtracted from the image (see Schombert & McGaugh 2014).
The ARCTIC data were reduced in IRAF2 using standard packages and routines. The images were bias subtracted, dark subtracted, flat-fielded, and fringe corrected (see Appendix A
for a description of this process). The sky-subtraction was performed using the method
outlined above, with six 100×100 pixels boxes. The I -band images were corrected for the
fringe pattern present in each image. Our final, reduced and sky-subtracted B and I -band
images are shown in Fig. 2.1.
After the data were reduced, we deprojected all the data (including the Spitzer 3.6 µm
images) so that the galaxies appear face-on. We have made the assumption that our disk
galaxies are intrinsically circular. With this assumption, we used the ELLIPSE task in IRAF
to fit elliptical isophotes to our galaxy images to determine the eccentricity ( = 1 − b/a)
and position angle (P.A.) of the outer disk of our galaxies. We first ran ELLIPSE with all
2

IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association
of Universities for Research in Astronomy (AURA) under a cooperative agreement with the National Science
Foundation.
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parameters free in order to determine the galaxy center. We then re-ran ELLIPSE with the
center fixed to derive  and P.A. for the outer disk. We also confirmed that the centers
found by ELLIPSE were the same location in the galaxy for all three bands. Finally, we used
GEOTRAN to rotate the image by the disk position angle so that the major axis of the galaxy
is aligned with the y-axis, and then ‘stretch’ the minor axis (now aligned with the x-axis) by
the axis ratio (b/a). If done properly, the deprojected galaxy images should have roughly
circular outer isophotes.
In order to ensure our images are deprojected in the same manner for each band, we
derive inclinations and P.A. in the three bands for each galaxy and use the average as the
final value. We use these final values to deproject each image. We list our derived inclinations
and P.A. for our sample in Table 2.1, with the exception of F563-V2 where we took the disk
parameters from de Blok et al. (2001b). The reason for this is as follows: the sharp change
in the light profile between the bright bar and faint disk, as well as the rather tenuous disk
structure, causes IRAF’s ELLIPSE task to fail when attempting to fit elliptical isophotes to
the images. Due to this, we adopted literature values for our deprojection for this galaxy.
Because F568-1 is nearly face on (i ∼25◦ ), the errors on the P.A. are relatively large. But
because it is so face-on, the rotation angle does not affect the deprojection to a large degree.

2.3

Measurements

For our four galaxies, we want to measure the bar lengths, strengths, and corotation radii. In
this section we discuss the techniques that we use for measuring each of these bar properties.

2.3.1

Bar Length

The length of a bar is rather straightforward, simply how far it extends from the center of the
galaxy. And yet, there are many ways of measuring the bar radius, since defining the end of
a bar is more complex than expected. We use three in this work: the behaviour of azimuthal
light profiles, Fourier analysis, and the behaviour of elliptical isophotes. These techniques
15

Figure 2.1: On-sky images of our target galaxies. B -band images are in the left column
and I -band images are in the right column, all were taken with ARCTIC on the APO 3.5m.
Directional arrows in the center are both 4000 long and apply to each image. Images are all
scaled linearily in order to show the best contrast between the bar, spiral arms, and disk.
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each provide an objective (and quantitative) measure of the bar length. Each technique is
described in detail below. Because bars are stellar features, we only use the I -band and
3.6 µm images to measure the bar length. We compare the results of each technique to
confirm that each is physically meaningful (i.e. does not include a significant portion of a
spiral arm).

2.3.1.1

Azimuthal Light Profiles

Determining how light is distributed in a galaxy is very useful for studying properties of
galaxies, including bars. For example, we can examine how the light behaves as a function of
azimuthal angle and radius (i.e. an azimuthal light profile).
Ohta et al. (1990) describe how azimuthal light profiles appear for different morphological
features. In the very inner radii, the light profiles should be fairly constant due to the nucleus
or a bulge. If a bar is in the galaxy, then there should be two ‘humps’ present in the light
profiles, separated by 180 degrees in azimuthal angle. These humps should also remain
roughly constant in angle for all radii within the bar. Once outside the bar region, these
humps should change depending on the morphology of the galaxy. If there are two spiral
arms present, these humps should roughly remain 180 degrees out of phase but begin moving
to different angles, as the arms are not at constant azimuthal angle. Because spiral arms and
disks are typically fainter than bars, the peak intensities of these humps will also decrease
dramatically outside the bar region. Using these changes in the humps, it should be possible
to measure the radius of the bar.
For consistency, we construct the azimuthal light profiles in the same manner for all of
our galaxies. We use 120 azimuthal divisions for the B and I -bands and 60 divisions for
3.6 µm (i.e. 3◦ and 6◦ wide, respectively). We use a radial spacing of every 2 pixels for the B
and I bands and every 1 pixel for 3.6 µm (i.e. a spacing of 0.4600 and 0.600 respectively). We
begin our profiles at 300 for each galaxy, as starting too far in results in some bins containing
no pixels. We then sum up the intensity of all pixels within each radial and azimuthal bin
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and divide by the number of pixels to return intensity per pix2 . In order to account for local
variations that may be present, we use a nearest-neighbor smoothing at the end.
To measure the bar radius, we fit Gaussians to each hump in order to measure the
azimuthal angle and peak intensity. By examining both the location and height of a hump at
each radial slice relative to the other hump in a given radius, which should be 180 degrees out
of phase and of similar intensity, we can track its behaviour across all radii. Where we find
changes similar to what was described above and in Ohta et al. (1990) we call the bar radius.

2.3.1.2

Fourier Analysis

An alternative method for measuring the bar length is through a Fourier analysis (e.g. Ohta et
al. 1990; Aguerri et al. 1998, 2000a, 2009; Puerari & Dottori 1997). This involves decomposing
our azimuthal light profiles via a Fourier transform, given as:
Z

π

F(r) =

Ir (θ) exp (−2iθ)dθ

(2.1)

−π

where Ir (θ) are the azimuthal light profiles, and θ is the azimuthal angle.
The Fourier coefficients are:
2π

1
Am (r) =
π

Z

1
Bm (r) =
π

Z

Ir (θ) cos (mθ)dθ

(2.2)

Ir (θ) sin (mθ)dθ

(2.3)

0
2π

0

and the amplitudes are:
A0 (r)
2

(2.4)

p
2 (r)
A2m (r) + Bm

(2.5)

I0 (r) =
Im (r) =

These amplitudes can be used both to confirm the presence of a bar, as well as measure
the bar length. Within the bar region, the m = 2 and m = 4 amplitudes are strong compared

18

with the odd modes (Ohta et al. 1990). In order to measure the bar length, Ohta et al. (1990)
and Aguerri et al. (2000a) use the bar and interbar Fourier intensities (Ib and Iib respectively),
defined as:
Ib = I0 + I2 + I4 + I6

(2.6)

Iib = I0 − I2 + I4 − I6

(2.7)

From Aguerri et al. (2000a), the bar region is defined as:
Ib
1
>
Iib
2



Ib
Iib




−

max

Ib
Iib






+

min

Ib
Iib


(2.8)
min

and the last radius at which this is satisfied (within the bar region) is taken as the bar radius.
More simply, Ohta et al. (1990) define the bar region as (Ib /Iib ) > 2. Because Aguerri et al.
(2000a) claim Equation 2.8 takes the behaviour of the Fourier intensity profiles better into
account than simply (Ib /Iib ) > 2, we use their definition as the bar radius from the Fourier
intensities.

2.3.1.3

Elliptical Isophotes

Perhaps a more familiar means of finding the bar radius is to fit elliptical isophotes to the
light distribution of a galaxy disk and use either the radius of maximum ellipticty or the
radius where the ellipticity changes discontinuously as an indication that the end of the bar
has been reached (e.g., Wozniak et al. 1995; Aguerri et al. 2000a). Because Aguerri et al.
(2000a) find that choosing the radius of discontinuity often leads to overestimating the bar
length, we use the radius at which the ellipticity reaches its maximum value as the bar length.

2.3.2

Bar Strength

The second bar parameter we want to measure is the strength. The strength of a bar can be
thought of as a tracer of the underlying gravitational potential of the bar, best traced by
NIR imaging since bars are stellar features. While originally only a visual classification based
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on how bright or large the bar appeared (de Vaucouleurs 1959), with strong bars simply
classified as SB and weaker bars as SAB, bar strength is now a quantifiable parameter. This
parameter can be measured via multiple methods, such as the torques present in the galaxy
(Buta & Block 2001; Laurikainen & Salo 2002), or the ellipticity of isophotes (Martin 1995).
Here, we will follow Aguerri et al. (2000a) and define the bar strength as

Sb =

1
rbar

Z
0

rbar

I2
dr
I0

(2.9)

where rbar is the radius of the bar, and I2 and I0 are the m = 2 and m = 0 Fourier amplitudes
shown in Equation 2.5. However, as we begin our azimuthal light profiles at 300 and not the
very center, we can only report a lower limit on the bar strengths for our galaxies. We will
use the behaviour of our relative Fourier amplitudes as an indicator of how well our lower
limits approximate the true strength. Similar to our bar radius measurements, we obtain bar
strengths in only the I band and 3.6 µm. In order to get a more accurate indicator of the
bar strength, we also remake our azimuthal light profiles starting at 1.500 and increase the
azimuthal spacing from 3° to 6° for I and from 6° to 12° for 3.6 µm. We do this to probe
down closer to the centers of our galaxies to see if this increases the bar strength significantly.
These new profiles are not used further in the analysis.

2.3.3

Corotation Radius

Finally, the third parameter we want to measure is the corotation radius. The corotation
radius (RCR ) of the bar is where orbital speeds are equal to the pattern speed of the bar. As
will be discussed in Sec. 2.5.3, RCR is useful for determining relative bar pattern speeds and
in turn inferring properties of the dark matter halo. There are numerous ways of measuring
or inferring RCR , including: identifying RCR with photometric rings (i.e. Buta 1986; Pérez
et al. 2012), modeling galaxies based on their luminosity distributions or velocity fields (i.e.
Salo et al. 1999; Rautiainen et al. 2004, 2008), phase intersections of multi-band photometry
(Puerari & Dottori 1997), and many others.
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For this work, we will use the Puerari & Dottori (1997, hereafter PD97) method to
measure RCR . PD97 expanded upon the results of Beckman & Cepa (1990), by showing
how phase crossings of B and I -band images can be used as an indicator of RCR . Based on
spiral density wave theory (Lin & Shu 1964), spiral arms act as density waves that trigger
star formation by compressing gas. As orbits are faster within corotation and slower outside,
this means that the shock front triggering star formation is present on different sides of the
arm on either side of RCR . Since the shock can be traced by newer O and B stars and the
underlying density wave can be traced by the older stellar population, the phase intersection
between the B and I bands will occur at corotation.
This method has been used to determine the corotation radii for HSBs, and has found
consistent results with both direct measurements of the pattern speed and numerical simulations of real galaxies (Aguerri et al. 1998; Vera-Villamizar et al. 2001; Sierra et al. 2015). In
addition, Martı́nez-Garcı́a & Puerari (2014) expanded the use of this method to HI, CO, 24
µm, and FUV with success.
We calculate the phase as:

Θ(r) = arctan

Re(F(r))
Im(F(r))


(2.10)

where Re(F(r)) and Im(F(r)) are the real and imaginary parts of the Fourier transform
shown in Eq. 2.1 respectively. In order to use the PD97 method, we require images in
photometric bands separated by a large wavelength range, specifically one band for the newer
stellar population and one for the older. We use the B band to trace the newer stars, and
the I band and 3.6 µm to trace the older stars.
RCR is the intersection between the B band phase profile and either the I band or 3.6 µm
phase profile. We take the first intersection after the bar radius to be RCR . Since we are
using the I band and 3.6 µm as tracers of the older stellar populations, both phase profiles
should intersect the B band at roughly the same radius. This is because even though the I
band and 3.6 µm are separated by a large wavelength range, they both trace the older stars.
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Table 2.2: Bar radii (Rbar ), corotation radii (RCR ), relative bar pattern speeds (R), and lower
limits on bar strengths (Sb ) for our sample. Radii are in arcsec. Relative bar pattern speeds
and bar strengths are dimensionless. Bar radii are those derived from our azimuthal light
profile method (see Sec. 2.3.1.1).
I
Galaxy
UGC 628
F568-1
F568-3
F563-V2

2.4

Rbar
11.21±0.92
4.37±0.46
8.93±0.92
6.65±0.46

RCR
13.96±0.46
5.86±0.46
10.06±0.46
15.86±0.46

3.6 µm
R
1.25±0.11
1.34±0.18
1.13±0.13
2.38±0.18

Sb
0.26
0.13
0.19
0.29

Rbar
11.40±1.20
4.80±0.60
9.60±1.20
7.20±0.60

RCR
13.96±0.60
7.06±0.60
13.86±0.60
15.86±0.60

R
1.22±0.14
1.47±0.22
1.44±0.19
2.20±0.20

Sb
0.22
0.14
0.19
0.26

Results

In this section we detail the results for each galaxy individually. Final bar lengths, strengths,
and corotation radii are shown in Table 2.2. In general, we find that all four of our galaxies
show very strong m = 2 amplitudes, and some show strong m = 4 and m = 6 amplitudes.
This leaves little doubt that our galaxies are barred (see Sec. 2.3.1.2). In fact, the strength
of our m = 2 and m = 4 amplitudes are comparable to those of HSBs from Elmegreen &
Elmegreen (1985).

2.4.1

UGC 628

As seen in Fig. 2.1, UGC 628 displays a clear bar and dual spiral arm morphology. We also
can see that there is a clear difference in appearance between the B and I -band images. We
see the spiral arms more clearly in the B -band image, as well as numerous HII regions that
appear along the arms. In the I -band image we can see the bar is both visually larger and
fatter.

2.4.1.1

Bar Radii

Our azimuthal light profiles for UGC 628 are shown in Fig. 2.2. Here, the profiles are plotted
only every 1.200 for the B and I bands and every 1.800 for 3.6 µm in order to more clearly see
the behaviour of the profiles. The profiles are plotted in a rainbow continuum with the red
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Figure 2.2: Azimuthal light profiles for UGC 628 in B (top), I (middle), and 3.6 µm (bottom).
For clarity, profiles are plotted every 1.200 (every 6 pixels) for the B and I -bands and 1.800
(every 3 pixels) for 3.6 µm. All three bands begin at 300 . Profiles are plotted in a rainbow
continuum, with red as the inner radius and purple the outermost.
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profile (top line) showing the inner radius and the purple profile (bottom line) the outermost.
This galaxy displays strong humps in its light profiles at inner radii, confirming the presence
of a bar. In order to quantitatively track the motion of the humps, we fit Gaussians to the
light profiles to obtain azimuthal centroids and intensities (Sec. 2.3.1.1), seen in Fig. 2.3.
In this figure, the brown and orange circles denote the I -band humps, and the purple and
pink triangles denote the 3.6 µm humps. We only show the region around the bar, ending
around 1400 . The top left panel shows the azimuthal position of the two humps seen in Fig. 2.2.
The top right panel shows the azimuthal difference between the two humps (φ1 and φ2 ), with
the horizontal black line denoting 180 degrees. Humps due to a bar should remain at this
value (Ohta et al. 1990). We can see that between roughly 700 to 1200 the humps are close to
180 degrees out of phase. We therefore take the angle of each hump at the beginning of this
region to be the angle of the bar, or bar centroid. The bottom left panel shows the angle
of the humps relative to the bar centroid, remaining roughly constant until ∼11.500 , where
both humps in both bands begin moving towards larger azimuthal angle. We find that the
humps remain roughly constant in angle before moving together towards larger azimuthal
angle, where they begin tracing the path of the spiral arms. We find that there is still quite
significant structure within the bar, as the centroids do not remain exactly constant in the
bar region. In fact, the very inner regions (< 800 ) do not appear constant at all, possibly
indicating the presence of a bulge of some sort (see the large movement in the top right and
bottom left panels of Fig. 2.3). In the bottom right panel we show the peak intensity of the
humps above the galaxy light, measured as the height of the hump above the ‘continuum’
at each radius seen in the azimuthal light profiles. Here, we see that the intensity drops off
significantly after the bar region, most pronounced in the open symbols. This is a reflection
of the somewhat non-symmetric nature of the bar, where the northern part of the bar (open
symbols) has a more intense decrease in intensity than the southern part (closed symbols).
This trend is seen in both bands.
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We determine the bar length from the azimuthal light profiles via the bottom left panel
of Fig. 2.3. We take the radius where the centroids begin moving together towards larger
azimuthal angle (the start of the spiral arms) as an indication that the bar has ended, shown
as the vertical dashed lines, short-dashed for the I band and long-dashed for 3.6 µm. The
bar lengths from this method are 11.2100 ±0.9200 in I and 11.4000 ±1.200 in 3.6 µm. Since the
radius at which the behaviour given in Ohta et al. (1990) (see Sec. 2.3.1.1) could be assigned
to a few of the points in Fig. 2.3, we assign the error to be four pixels (equivalent to 0.9200 ) in
the I -band and two pixels (equivalent to 1.200 ) in 3.6 µm.
Our second bar length measure comes from our Fourier analysis. In Figures 2.4 and 2.5
we show the relative Fourier amplitudes and bar/interbar Fourier intensities for UGC 628.
All three bands show strong m = 2 and m = 4 modes within the inner regions, strongly
supporting the presence of a bar. Using the Fourier Bar/Interbar method from Aguerri et al.
(2000a), we find a bar length of 16.9600 ±0.4600 for the I band and 15.8600 ±0.6000 for 3.6 µm.
As this measure for the bar length is simply where the Fourier intensities cross the value
given by Equation 2.8, the error comes from the radii spacing of our azimuthal light profiles:
two pixels (equivalent to 0.4600 ) for the I -band and one pixel (equivalent to 0.6000 ) for 3.6 µm.
Our third bar length measure is the radius of maximum ellipticity. We show the radial
plot of deprojected ellipticity for UGC 628 for all three bands in Fig. 2.6. Here, we use
only the I band and 3.6 µm to obtain bar radii, but also show the B band to check how
successful our deprojection was. In the outer radii, we can see the isophotes are roughly
circular in all three bands, indicating our deprojection was successful. Using the radius of
maximum ellipticity of elliptical isophotes, we find the I -band bar radius to be 11.6300 ±0.6800
and a 3.6 µm bar radius of 8.4000 ±0.6000 . However, we note that both the I -band and 3.6 µm
ellipticity profiles appear quite flat within the bar radius, making the reliability of choosing
the radius of maximum ellipticity uncertain for this galaxy. In order to confirm our results,
we began our starting radius for ELLIPSE at various radii to see what effect this had on
the bar radius chosen. We found that this did not affect our bar lengths from this method.
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Figure 2.3: Bar azimuthal angle centroid positions for UGC 628. The brown and orange
circles denote the location of the I -band humps in Fig. 2.2, and the purple and pink triangles
denote the location of the 3.6 µm humps. The top left panel shows the angular positions
of the two humps, derived from fits with Gaussians. The top right panel shows the angular
difference between the centroids of the two humps, with the horizontal line showing 180
degrees difference. The bottom left panel shows the relative motion from the bar centroid of
the humps. The vertical dashed lines indicate the radius of the bar. The bottom right panel
shows the intensity of the humps above the galaxy light.
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Figure 2.4: Fourier amplitudes for UGC 628. Bluer colors show the even modes, with the
dark blue being m = 2. Redder colors show the odd modes, with the dark red being m = 1.
All three bands show strong m = 2 and m = 4 modes within the inner regions, strongly
supporting the presence of a bar.
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Figure 2.5: Bar/Interbar Fourier intensities for the I band (solid red) and 3.6 µm (dashed
purple) for UGC 628. The horizontal lines show equation 2.7.
Therefore, the error on the bar length from this method is equivalent to the radial spacing
from ELLIPSE.
These three techniques give us a bar radius that ranges from ∼8.500 to ∼16.800 . At first
glance, we are left with values that span a factor of two, but this is due to outliers. To
compare the results visually, the bar radii are plotted over the deprojected I band and 3.6 µm
images of UGC 628 in Fig. 2.7. From this figure, it is clear that the Fourier method overshoots
the bar radius in both bands rather significantly, as the red circle extends beyond the fat,
bright bar and even includes a rather large portion of the spiral arms. Therefore, we can
safely assume the Fourier bar radii are not accurate. The azimuthal and elliptical isophote
bar radii agree for the I -band, but the elliptical isophote bar radius for 3.6 µm appears to be
too short, with the bar visually extending past the pink circle. Given the agreement between
the results for both bands, we use the bar length derived using the azimuthal light profile
method as the bar radius for UGC 628 in both I and 3.6 µm, listed in Table 2.2.
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Figure 2.6: Ellipticity as a function of radius of elliptical isophotes for the deprojected
images of UGC 628. The roughly zero ellipticity in all three bands at large radii shows
our deprojection was successful. The vertical dashed lines indicate the radius of maximum
ellipticity in I and 3.6 µm, which we take as the isophotal bar radius. The B band is shown
by the blue triangles, I band by the red squares, and 3.6 µm by the open purple pentagons.

2.4.1.2

Bar Strength

The next parameter that we have measured is the bar strength. Using Equation 2.9, we
measure bar strengths to be 0.26 and 0.22 in the I and 3.6 µm respectively (see Table 2.2).
As described in Sec. 2.3.1.2, these are lower limits on the bar strength. However, based on
the relative Fourier amplitudes in Fig. 2.4, it is most likely that these values are close to the
true strength, as the m = 2 mode appears to be trending towards zero near the center. In
addition, when decreasing the starting radius from 300 to 1.500 when constructing the azimuthal
light profiles (see Sec. 2.3.2) our values remained the same, suggesting our lower limits are
accurate.
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Figure 2.7: Bar radii for the I band (top) and 3.6 µm (bottom) for UGC 628 overplotted
on the deprojected images. In both panels, blue circles are derived from the azimuthal light
profile method, pink circles are derived from the elliptical isophote method, and red circles
are derived from the Fourier bar/interbar intensities. Radii are in arcsec.
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2.4.1.3

Corotation Radii

In Fig. 2.8 we show the phase profiles, calculated with Equation 2.10, for all three bands
for UGC 628. We find a B,I phase crossing at 13.9600 ±0.4600 and a B,3.6 µm phase crossing
at 13.9600 ±0.6000 . We also find a second B,3.6 µm phase crossing at 30.3600 ±0.6000 , but no
second phase crossing between B and I. This second B,3.6 µm phase crossing is beyond the
range plotted in Fig. 2.8. Given the clear phase reversal present in both the B,I profiles and
B,3.6 µm profiles, we are confident in placing the corotation radius at 13.9600 ±0.4600 for the
I -band and 13.9600 ±0.6000 for 3.6 µm, listed in Table 2.2. The error on the corotation radius
is equivalent to the radial spacing of the azimuthal light profiles.
As an interesting aside, we can also use the phase profiles to determine if the spiral arms
are leading or trailing (Fig. 1 in PD97). Based on the observed phase profiles (Fig. 2.8), we
find the shock front (B -band) begins below the density wave (I -band), intersects, and remains
at greater phase for all radii. This is indicative of a Z-leading spiral pattern, consistent with
our images of this galaxy.

2.4.2

F568-1

F568-1 shows clear dual spiral arm structure, with a small bar and bulge in the center of the
galaxy (Fig. 2.1). As with UGC 628, we see that the spiral arms are stronger in the B -band
image. We see that the arms in the I -band image are quite diffuse and less extensive than in
B. In both bands we see that the arms somewhat vanish before returning at a much fainter
level (the south-western arm for instance). We also see that the bar in both bands is quite
small angularly.

2.4.2.1

Bar Radii

Our azimuthal light profiles for F568-1 are shown in Fig. 2.9. We find that F568-1 displays a
dual humped pattern in its azimuthal light profiles, indicating the presence of a bar. Curiously,
we find that while the humps remain at a constant azimuthal separation in the I band with
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Figure 2.8: Phase profiles for UGC 628: B band (blue triangles), I band (red squares), and
3.6 µm (open purple pentagons).
one another, they do so at 190 degrees as opposed to 180 degrees (top right panel of Fig. 2.10).
In addition to the bar, our azimuthal light profiles also clearly show the presence of a dual
spiral arm pattern, seen in the path of the humps after the bar radius in the lower left panel
of Fig. 2.10. The spiral arms also appear to be 190 degrees out of phase with each other in
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the I band as well (top right panel). We do not find significant inner structure in this galaxy,
with the humps remaining at quite constant angle within the bar (bottom left panel).
Using our azimuthal light profile method, we find a bar length of 4.3700 ±0.4600 in the I
band and 4.8000 ±0.6000 in 3.6 µm for F568-1, shown in Fig. 2.10. After the bar, there is a
clear dual armed spiral pattern in this galaxy, seen in the bottom left panel where all four
humps begin moving away from the centroid at the same rate. We find the intensity of the
humps drops off rather significantly after the bar radius (bottom right panel). We do note
that the few points within the bar region indicate that we are pushing the limits of this
method. However, given the very clear behaviour of the spiral arms seen in Fig. 2.10, the
error on this bar radius measurement is two pixels in the I -band (equivalent to 0.4600 ) and
one pixel in 3.6 µm (equivalent to 0.6000 ).
For our second technique, we show the relative Fourier amplitudes for F568-1 in Fig. 2.11,
and the Fourier bar/interbar intensities in Fig. 2.12. We find strong m = 2 and m = 4 modes
in the inner region of the galaxy, supporting the presence of a bar. We also find strong
m = 2 modes past ∼1000 , an indicator of the grand-design spiral arms. Using the bar/interbar
Fourier intensities, we find an I -band bar radius of 7.7600 ±0.4600 and a 3.6 µm bar radius of
7.5600 ±0.6000 . Values have been trimmed past 1300 in Fig. 2.12 as the strong even modes due
to the spiral arms result in additional crossings far beyond the bar region. As with UGC
628, the errors on this bar radius are equivalent to the radial spacing of the azimuthal light
profiles.
For our third technique, we show the radial plots of deprojected ellipticity for F568-1
in Fig. 2.13. After ∼2600 , the average ellipticity of the isophotes is roughly zero in the
three bands, indicating our deprojection was successful. The ellipticity values in the I -band
oscillate between 0 and 0.2, likely due to the very faint outer disk. However, the average
ellipticity is quite similar to the other two bands. Using the radius of maximum ellipticity for
elliptical isophotes, we find an I band bar radius of 8.4400 ±0.9100 and a 3.6 µm bar radius of
6.6000 ±1.2000 . As with UGC 628, the radius of maximum ellipticity is hard to measure for
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Figure 2.9: Same as Fig. 2.2, but for F568-1.
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Figure 2.10: Same as Fig. 2.3, but for F568-1.

35

Figure 2.11: Same as Fig. 2.4, but for F568-1.
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Figure 2.12: Same as Fig. 2.5, but for F568-1.
this galaxy due to the somewhat flat behaviour within the bar radius and beginning of the
spiral arms. The error is set to the radial spacing of ELLIPSE.
These three techniques give us bar radii that range from ∼4.400 to ∼8.400 . As with UGC 628
these values span a factor of two due to outliers. The bar radii are visually plotted over the
deprojected I -band and 3.6 µm images in Fig. 2.14. Here, the azimuthal light profile bar
radius is consistent between the two bands, but the radius of maximum ellipticity differs
between the two bands. The Fourier method gives consistent results between both bands,
but like with UGC 628 it overshoots the bar radius and contains part of the spiral arms.
Therefore, we take the bar radius derived from our azimuthal light profile method to be the
bar radius in both I and 3.6 µm, listed in Table 2.2.

2.4.2.2

Bar Strength

We find lower limits on the bar strength to be 0.09 and 0.10 in I and 3.6 µm, respectively.
However, when decreasing the starting the starting radius from 300 to 1.500 we find our bar
strengths increase to 0.13 and 0.14 in I and 3.6 µm respectively (Table 2.2). Due to the
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Figure 2.13: Same as Fig. 2.6, but for F568-1.
small angular size of the bar, we are not as confident that these are representative of the true
strength as we were with UGC 628.

2.4.2.3

Corotation Radii

We show the phase profiles for F568-1 in Fig. 2.15. We find three sets of clear phase crossings
for F568-1. The first B,I phase crossing occurs at 5.8600 ±0.4600 and the first B,3.6 µm at
7.0600 ±0.6000 . The second B,I phase crossing occurs at 9.6600 ±0.4600 and the second B,3.6 µm
phase crossing occurs at 9.6600 ±0.6000 . The third occurs at 13.2600 ±0.4600 for B and I and at
13.4600 ±0.6000 for B and 3.6 µm. Although the B and I -band phase profiles are quite close
in value near the first phase crossing, this is simply due to the wide range of angles plotted
(-150° to 350°) causing the lines to appear close together and is similar to what is seen in
PD97. In addition, the 3.6 µm profile exhibits clear phase reversal as well, leading us to
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Figure 2.14: Same as Fig. 2.7, but for F568-1.
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Figure 2.15: Same as Fig. 2.8, but for F568-1.
conclude that the first phase crossing is the radius of corotation for both bands, listed in
Table 2.2. As with UGC 628, the error on the corotation radius is equivalent to the radial
spacing of the azimuthal light profiles.
We also used these phase profiles to characterize the spiral pattern in F568-1. We find
the phase profiles of the shock front and density wave to follow that of an S-leading spiral
pattern. This is consistent with our images of this galaxy.
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2.4.3

F568-3

F568-3 poses a few complications when examining its morphology. Firstly, when looking at
Fig. 2.1 we see that there is a very rough dual arm structure, with one clear, strong arm on
the southern side of the galaxy and a weaker arm on the northern side. In addition, it also
appears as though there may be a third weaker arm that begins on the eastern side of the
bar. Whether this is a true third arm or whether it connects to the northern arm is unclear.
Secondly, the bar structure is not as straightforward as it may appear when Fig. 2.1 is scaled
differently. As shown in Fig. 2.16, there appears to be either a second bar or an inner spiral
structure resembling a lightning bolt. This inner structure is quite small, contained within
the inner 300 and thus not probed by our azimuthal light profiles. What this means is that
the main bar is not exactly symmetric, as it begins at the end of the inner bar. The white
lines in Fig. 2.16 are drawn to better show this asymmetric nature of the bar. Finally, the
southern arm appears to be quite a bit brighter than the northern arm, which may possibly
influence our determination of the bar radius.

2.4.3.1

Bar Radii

The complicated morphology described above can be seen in our azimuthal light profiles for
this galaxy in Fig. 2.17. Here, the left hump is the southern arm of the bar/galaxy and shows
the rather non-Gaussian shape of the arm, as well as how the two humps are not symmetric.
We can see the two humps are not roughly 180 degrees out of phase (top right panel of
Fig. 2.18), but closer to 170 degrees. The southern hump also does not appear Gaussian at
all, preventing us from obtaining accurate centroids for this hump. However, the northern
hump is well behaved, seen in the bottom left and right panels of Fig. 2.18. Here, we see that
the northern humps remain quite stationary for the duration of the bar before dramatically
moving. We also find that the intensity within the bar region is rather constant, and drops
off significantly outside.
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Figure 2.16: Re-scaled B -band image of F568-3 showing the inner bar structure. White lines
have been drawn to show the asymmetric nature of the bar.
Using our azimuthal light profile method, we find a bar length of 8.9300 ±0.9200 in the I
band and 9.6000 ±1.200 in 3.6 µm for F568-3, shown in Fig. 2.18. Here we see that there is
at least one clear spiral arm, noticeable as the movement away from the centroid after the
denoted bar radii. The humps at smaller azimuthal angle appear to remain roughly constant
after the bar radius, likely indicating the bright spiral arm seen in Fig. 2.1. Given that only
one of the spiral arms is well behaved in Fig. 2.18, we assign an error of four pixels (equivalent
to 0.9200 ) in the I band and two pixels (equivalent to 1.200 ) in 3.6 µm.
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Figure 2.17: Same as Fig. 2.2, but for F568-3.
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Figure 2.18: Same as Fig. 2.3, but for F568-3.

44

We show the relative Fourier amplitudes for F568-3 in Fig. 2.19, and the Fourier
bar/interbar intensities in Fig. 2.20. We find strong m = 2 and m = 4 modes in the
inner region, but also quite strong m = 1 modes. This is likely due to the complicated
morphology, and the very bright, southern arm of the galaxy, reinforced by the increase in
the m = 1 mode past ∼1500 . Using the bar/interbar fourier intensities we find an I -band bar
radius of 13.9600 ±0.4600 and a 3.6 µm bar radius of 18.1600 ±0.6000 . Again, the errors on the bar
length from this method are equivalent to the radial spacing of our azimuthal light profiles.
We show the radial plots of deprojected ellipticity for F568-3 in Fig. 2.21. We find the
outer radii are consistent with ellipticities of zero, albeit with a large amount of scatter.
Using the radius of maximum ellipticity for elliptical isophotes, we find an I -band bar radius
of 7.7500 ±0.6800 and a 3.6 µm bar radius of 9.0000 ±1.2000 . The errors on this measurement are
equivalent to the radial spacing from ELLIPSE.
For F568-3, we have bar radii that range from ∼7.800 to ∼18.200 , shown visually in Fig. 2.22.
Once again, this large discrepancy can be attributed to the Fourier method. We find agreement
between the azimuthal light profile and ellipticity methods, around ∼800 in I and ∼900 in
3.6 µm, with the ellipticity method finding a slightly shorter bar in both bands. Again, we
find the Fourier method to overshoot the bar radius, quite significantly in 3.6 µm. Here
it almost entirely encompasses the bright portion of the southern arm. We take the bar
radius from our azimuthal light profile method to be the bar radius for both bands, listed in
Table 2.2.

2.4.3.2

Bar Strength

We find bar strength lower limits of 0.18 in both I and 3.6 µm. When decreasing the starting
radius from 300 to 1.500 when constructing the azimuthal light profiles we find the bar strength
increases only by 0.01 in both bands to 0.19 (Table 2.2). Based on the behaviour of the
relative Fourier amplitudes, we find these bar strengths are indicative of the true bar strength
for F568-3.
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Figure 2.19: Same as Fig. 2.4, but for F568-3.
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Figure 2.20: Same as Fig. 2.5, but for F568-3.

Figure 2.21: Same as Fig. 2.6, but for F568-3.
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Figure 2.22: Same as Fig. 2.7, but for F568-3.
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2.4.3.3

Corotation Radii

Our phase profiles for F568-3 are shown in Fig. 2.23. We find a first B,I phase crossing at
10.0600 ±0.4600 , and a second at 13.8600 ±0.4600 . We find only one B,3.6 µm phase crossing at
13.8600 ±0.6000 . While we do not find a phase crossing near 1000 between B and 3.6 µm, it is a
clear phase reversal for the B and I bands, and cannot be ignored. A possible reason this
phase crossing does not appear for the 3.6 µm is due to the large pixel scale. Regardless, if
we only had the B and I bands, the phase profile behaviour would be clear enough to trust
the intersections. This gives a bar corotation radius of 10.0600 ±0.4600 for the I -band. Because
we do not see the phase crossing in 3.6 µm near 1000 , we must report the corotation radius
in 3.6 µm as 13.8600 ±0.6000 . Again, the errors on the corotation radius are equivalent to the
radial spacing of the azimuthal light profiles.
While there is only one clear arm present in this galaxy, we also attempted to characterize
the spiral pattern in F568-3. We find the phase profiles of the shock front and density wave
to follow that of an S-trailing spiral pattern. This is consistent with our images of this galaxy.

2.4.4

F563-V2

F563-V2 shows a very clear bar in its morphology, but not clear spiral arms. There appears
to possibly be one arm on the southern edge of the galaxy, however (see Fig. 2.1). The
structure in the I -band image is quite diffuse, with not much of the disk visible outside of
the bar. There may possibly be a second arm visible on the northern edge of the galaxy in
the B -band image. This lack of well-defined arm/disk structure complicates the analysis of
this galaxy, particularly the deprojection, as discussed in Sec. 2.2.3.

2.4.4.1

Bar Radii

Our azimuthal light profiles for this galaxy are shown in Fig. 2.24, showing the very bright
bar. We find significant deviation from 180 degree separation between the two humps (top
right panel of Fig. 2.25). This is due to the northern hump in both bands, which remains at
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Figure 2.23: Same as Fig. 2.8, but for F568-3.
a constant angle for the range plotted. We therefore only show the movement of the southern
hump, seen in the bottom left panel of Fig. 2.25. Here, we can see the movement of the
azimuthal centroids in both bands away from the bar, showing the path of the single arm in
this galaxy. We also see the dramatic decrease in intensity after the bar radius (bottom right
panel).
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Figure 2.24: Same as Fig. 2.2, but for F563-V2.
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Using our azimuthal light profile method, we find a bar length of 6.6500 ±0.4600 in the
I -band and 7.2000 ±0.6000 in 3.6 µm for F563-V2. Even though we are only examining the
azimuthal behaviour of one spiral arm, the very well behaved nature of the arm gives an
error of two pixels in the I band (equivalent to 0.4600 ) and one pixel in 3.6 µm (equivalent to
0.6000 ).
We show the relative Fourier amplitudes for F563-V2 in Fig. 2.26, and the Fourier
bar/interbar intensities in Fig. 2.27. We find strong m = 2 and m = 4 modes in the inner
regions, reinforcing the presence of a bar. Outside the bar, we see a dramatic increase in the
strength of the odd modes, reinforcing the single arm in this galaxy. Using the bar/interbar
Fourier intensities, we find a bar radius in the I band of 7.9600 ±0.4600 and a 3.6 µm bar radius
of 8.5600 ±0.6000 . As with the other three galaxies, the error on this bar length is equivalent to
the radial spacing of our azimuthal light profiles.
We show the radial plots of deprojected ellipticity for F563-V2 in Fig. 2.28. Using
the radius of maximum ellipticity of elliptical isophotes, we find an I -band bar radius of
5.0200 ±0.9100 and a 3.6 µm bar radius of 9.6000 ±2.4000 . The errors on these measurements is
equivalent to the radial spacing from ELLIPSE.
We find bar lengths that range from ∼500 to ∼9.600 for F563-V2, shown in Fig. 2.29. The
wide range of values is due to the bar length from the elliptical isophote method. We find the
azimuthal light profile to provide consistent bar radii between the two bands, 6.700 and 7.200 .
The ellipticity method does not provide consistent results, with the 3.6 µm bar radius much
longer than the I -band radius, 500 vs. 9.600 . The Fourier method provides consistent results,
both between bands, and roughly with our azimuthal light profile method, 800 and 8.500 . This
is the sole exception for our sample, likely due to the lack of clear spiral arms in this galaxy.
Again, we take the azimuthal light profile method bar radius to be the bar length for both
bands, listed in Table 2.2.
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Figure 2.25: Same as Fig. 2.3, but for F563-V2.
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Figure 2.26: Same as Fig. 2.4, but for F563-V2.
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Figure 2.27: Same as Fig. 2.5, but for F563-V2.

Figure 2.28: Same as Fig. 2.6, but for F563-V2.
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Figure 2.29: Same as Fig. 2.7, but for F563-V2.
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2.4.4.2

Bar Strength

We find lower limits on the bar strengths to be 0.26 in I and 0.23 in 3.6 µm. When decreasing
the starting radius from 300 to 1.500 we find the bar strengths increased by 0.03 in both bands
to 0.29 and 0.26 in I and 3.6 µm respectively (Table 2.2). Based on this and the behaviour
of the relative Fourier amplitudes, we are confident that our lower limits are accurate.

2.4.4.3

Corotation Radii

We show the phase profiles for F563-V2 in Fig. 2.30. We find a B,I phase crossing at
15.8600 ±0.4600 and a B,3.6 µm phase crossing at 15.8600 ±0.6000 . Due to the complicated
morphology of this galaxy, the phase crossings are not as well defined as the previous galaxies.
We report the bar corotation radius to be at 15.8600 ±0.4600 for the I -band and at 15.8600 ±0.6000
for 3.6 µm. Again, the errors on the corotation radius are equivalent to the radial spacing of
the azimuthal light profiles.
As F563-V2 displays very tenuous spiral structure, we did not attempt to characterize
the spiral pattern in this galaxy.

2.5

Discussion

Here we discuss the results for our bar lengths and strengths for our galaxies, as well as
describing how RCR can be used to obtain relative bar pattern speeds. We discuss our bar
lengths in context of our three techniques, as well as between the two photometric bands used
(Sec. 2.5.1). We discuss the accuracy of the lower limit on our bar strengths using the relative
Fourier amplitudes (Sec. 2.5.2). Finally, we go into detail about the relative bar pattern
speeds of our galaxies in context with their dark matter halos (Sec. 2.5.3). We compare our
results to those of HSBs throughout as well.
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Figure 2.30: Same as Fig. 2.8, but for F563-V2.

2.5.1

Bar Lengths

We have applied three different techniques for measuring the lengths of bars in our four
galaxies. We find agreement between our azimuthal light profile bar radii measurements
between the I band and 3.6 µm for all four galaxies. We also find that the bar length from
the radius of maximum ellipticity mostly agrees with our azimuthal bar radius, although for

58

F568-1 this is not the case. Finally, we find that the Fourier method consistently overshoots
the bar radius when compared with the other two methods, sometimes quite significantly.
For UGC 628, for example, the Fourier bar radius is larger than our first corotation radius.
In general, it appears that the Fourier method includes spiral arms as well as the bar, biasing
the result to larger radii.
We visually show how the bar length measurements compare for the whole sample in
Fig. 2.31. Here, the x-axis is the bar length measured from our azimuthal light profile method
and the y-axis is the difference from the other two techniques (∆Rbar ), the radius of maximum
ellipticity and the Fourier bar/interbar intensities (i.e. Rbar,Four − Rbar,az ). Triangle points
are values from the elliptical isophote method and squares are from the Fourier method. The
horizontal dashed line shows zero, and the vertical lines connect bar radii measurements for a
given band. Red, closed points are I -band values and purple, open points are 3.6 µm values.
We find that 3.6 µm (purple) azimuthal light profile bar radius measurements are consistently larger than the I -band values (red) for each galaxy, while not differing too extremely.
We expect them to be similar, as bars are stellar features and both our photometric bands
trace this galaxy component. This could also be due to the poorer spatial resolution at
3.6 µm. We also find that the elliptical isophotal bar measurements are equally smaller and
larger than the azimuthal light profile method, and that the Fourier bar radius measurements
are consistently larger. Aguerri et al. (2009) also found the Fourier method to overshoot the
bar radius.
When looking at the bar radii overplotted on the deprojected images (Fig. 2.7 for instance),
we find that our azimuthal light profile method provides the best measure of the bar radius
for each galaxy in both bands. Based off of these figures, the elliptical isophote method
provides a good measure for the bar radius as well, with F568-1 being the exception. We
believe the reason for this is due to transition from bar to spiral arms in this galaxy biasing
the isophotes towards the bright arms.
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Figure 2.31: Bar radii measurement comparison between the three techniques for the entire
sample. The x-axis is the bar radius from the azimuthal light profile method, and the y-axis
is the difference from the other two techniques (∆Rbar ), the radius of maximum ellipticity
and the Fourier bar/interbar intensities (i.e. Fourier - azimuthal). Triangle points are values
from the elliptical isophote method and squares are from the Fourier method. Red, closed
points are from the I -band and purple, open points are from 3.6 µm. Vertical lines connect
points for the same galaxy in each band.
As only F563-V2 has comparable bar radii between the azimuthal light profile method
and the Fourier method and has only one arm, we think that the dual spiral arms of the
other three galaxies are biasing the bar radius measurement to larger values. Thus, it is
possible given either angularly larger targets or better angular resolution that our bar radius
measurements from the Fourier method would be more accurate for UGC 628, F568-1, and
F568-3. We feel justified in saying this, as the Fourier method has been used to find accurate
bar lengths in the literature, albeit for angularly large HSBs (see Aguerri et al. 2000a, for
instance).
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We also find that the bar lengths in physical units (kpc) for our sample are on the lower
end of those found by Honey et al. (2016) (2.5 - 14.3 kpc), shown in Fig. 2.32. Here we show
histograms of the bar lengths (kpc) for Honey et al. (2016) (solid black) and our I -band
and 3.6 µm values (dashed red). Compared to HSB galaxies, however, we find that our bar
lengths are of comparable size. For example, the majority of the bars in the HSB samples of
Erwin (2005), Marinova & Jogee (2007), and Aguerri et al. (1998, 2009) are ≤3.5 kpc, ≤5
kpc, and ≤5 kpc, respectively. In Fig. 2.33 we plot our bar lengths with the bar lengths of
the HSBs in Aguerri et al. (1998).

2.5.2

Bar Strengths

We have found lower limits on the strengths of our bars and find that they range from ∼0.13
to ∼0.29. We find that our lower limit of bar strengths for our sample, while on the weaker
side, are consistent with bar strengths found for HSBs. Aguerri et al. (2000a) and Laurikainen
& Salo (2002) list bar strengths that range from ∼0.1 to ∼0.6 for example. This is also
consistent with Honey et al. (2016) who found that bar lengths and strengths for LSBs are
similar to those in HSBs, although a different measure of bar strength was used than in our
work. We show this visually in Fig. 2.33 where we compare our I -band (red triangles) and
3.6 µm (purple squares) bar lengths and strengths with those from HSBs in Aguerri et al.
(1998) (open black circles). We find that our bar strength values form a continuum with the
Aguerri et al. (1998) HSB galaxies (the outlier at Rbar ≈ 10 kpc is not addressed).
Our bar strength values found for UGC 628, 0.26 and 0.22, are roughly consistent with
those found by Chequers et al. (2016) at late simulation time, ∼0.30, although our values
are somewhat weaker. Based on the behaviour of the relative Fourier amplitudes, our bar
strengths are likely indicative of the true strength.
F568-1 has the lowest bar strengths of our sample, 0.13 and 0.14. Looking at Fig. 2.1,
this is not surprising, as the bar is quite small, and quickly turns into spiral arms. As
previously mentioned in Sec 2.3.2, bar strength was originally a visual classification based on
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Figure 2.32: Histogram of bar lengths from Honey et al. (2016) (solid black) and this work
(dashed red). Here we include both our I -band and 3.6 µm bar lengths. Our bar lengths
clearly fall on the shorter side compared with the LSBs in Honey et al. (2016).
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Figure 2.33: Comparison of bar strengths and bar lengths (kpc) between our I -band (red
triangles) and 3.6 µm (purple squares) values and those from HSBs in Aguerri et al. (1998)
(open black circles).
how bright/pronounced the bar was. However, we are unable to probe down to small enough
radii to be confident that our strengths are representative for this galaxy.
Our bar strengths found for F568-3, 0.19 in both bands, are likely indicative of the true
bar strength, as the bar is long enough for the missing, inner portion of the relative Fourier
amplitudes to not be a large factor. It may seem surprising that the bar strength for this
galaxy is as low as it is given the bar in Fig. 2.1. However, F568-3 seems to possess either a
double bar, or inner spiral structure within the bar, which may be the cause of the lower
strength.
As we are not missing a significant portion of the bar, our bar strengths for F563-V2 are
likely indicative of the true value, 0.29 and 0.26. However, we do note that when decreasing
the starting radius of the azimuthal light profiles we found an increase of 0.03 in both bands.
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This leaves us with a relatively strong bar, which is not surprising given the I -band image in
Fig. 2.1.

2.5.3

Relative Bar Pattern Speeds

The third bar parameter we measured was the radius of corotation (RCR ). This parameter can
be used to characterize the pattern speed of the bar, Ωp , which can give important information
about the mass distribution within the host galaxy. Ωp is simply the rotational frequency of
the bar itself (Binney & Tremaine 2008). The only method of directly measuring the bar
pattern speed was introduced in Tremaine & Weinberg (1984, hereafter the TW method).
The TW method requires spectroscopy to map the velocity of orbits in the disk, either with
multiple long-slit observations across the galaxy or with integral field unit (IFU) spectroscopy
to create a velocity field. In addition, these velocity maps must be weighted by the underlying
light distribution, measured either with the stellar continuum in the spectroscopy or with
NIR imaging. This method has usually been applied to one, bright, grand-design spiral at a
time (i.e Kent 1987b; Merrifield & Kuijken 1995; Gerssen et al. 1999), although applications
to dwarf galaxies exist as well (Bureau et al. 1999; Banerjee et al. 2013). However, Aguerri et
al. (2015) recently applied this method to 15 bright and strongly barred galaxies from the
CALIFA (Sánchez et al. 2012) IFU survey.
While it is very desirable to obtain actual pattern speed measurements, the current number
of LSBs with bar pattern speed measurements is only one: UGC 628. The bar pattern speed
of this galaxy was measured by applying the TW method to an Hα velocity field (Chemin &
Hernandez 2009) as well as with numerical simulations (Chequers et al. 2016). The lack of
pattern speed measurements for LSBs is due to the large observing time required to obtain
high signal to noise spectroscopy for LSBs. As a result, LSBs are largely absent from IFU
surveys, such as the aforementioned CALIFA survey. However, large numbers of galaxies can
be characterized by measuring the dimensionless parameter R = RCR /Rbar , or the ‘relative
bar pattern speed’, allowing us to probe LSBs in a more general context. Both the corotation
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radius (RCR ) and bar radius (Rbar ) have been measured for our sample using photometry
alone.
R can be measured simply with photometry (Sec. 2.3), and can be used to infer properties
of the host galaxy. Bars are classified as ‘fast’ if R < 1.4 or ‘slow’ if R > 1.4 (Athanassoula
1992; Elmegreen et al. 1996; Debattista & Sellwood 2000). This designation arises from the
prediction that galaxies dominated by baryons (as opposed to dark matter) in their central
regions should have R = 1.2 ± 0.2 (Athanassoula 1992). In other words, corotation should
occur very close to the end of the bar. Based on studies of HSBs, there seems to be little
dependence on R with either morphology (Aguerri et al. 1998, 2015) or redshift (Pérez et
al. 2012), although none of these studies go to Hubble types later than SBbc. For those
galaxies that have had R measured, the almost unanimous result are ‘fast’ bars, confirming
the prediction of R = 1.2 ± 0.2.
Due to the relative lack of studies of barred LSBs, it is uncertain what values of R are/will
be observed for LSBs. However, we have a few insights based on simulations and theory as
to what to expect. While there is debate about the likelihood of bars forming and surviving
in very centrally dense halos, the general consensus is that only slow, weak bars can form
and that they will exist as transient features (Mihos et al. 1997; El-Zant & Shlosman 2002;
Mayer & Wadsley 2004, but see Valenzuela & Klypin 2003). It is expected that centrally
dense dark matter halos should be hosts to slow bars (R > 1.4) because the bar should be
dynamically slowed down by the dense halo (Weinberg 1985; Debattista & Sellwood 2000).
As previously introduced in Sec. 2.1, the kinematics of LSB galaxies are well-studied and
have been used to measure the overall density and the density profile of the dark matter
halos in which they are embedded. In general, two types of density profiles for the halos are
considered in these studies: cuspy profiles and cored profiles. The most common form of a
cuspy halo is the NFW profile (Navarro et al. 1996a). It is characterized by a density power
law ρ ∼ rα and dark matter concentration c. Halos in cold dark matter simulations generally
have a slope of α = −1, or steeper (i.e. ‘cusp’). These halos are very centrally dense. For
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cored halos, the pseudo-isothermal density profile is the most commonly used. These have
a constant density center, ρ ∼ r0 (i.e. ‘core’). The central density of cored halos is much
lower than cuspy halos. Cored halos are motivated by observations rather than coming from
simulations or theory.
Observations of LSBs are typically better fit by cored halos rather than cuspy halos (e.g.,
de Blok & McGaugh 1996; de Blok et al. 1996; McGaugh et al. 2000; Swaters et al. 2003). In
addition, the overall halo density for LSBs is also lower than expected from simulations (see
Fig. 1b in Kuzio de Naray & Spekkens 2011, for example). The conflict between kinematic
observations being better fit by cores and simulations creating cusps is referred to as the
‘cusp-core’ problem and is well documented in the literature (see the review, de Blok 2010).
All four of our galaxies have kinematic data in the form of rotation curves, and have had
mass models that confirm their dark matter domination down to small radii (de Blok et al.
2001a; McGaugh et al. 2001; Kuzio de Naray et al. 2006, 2008). Rotation curves of LSBs are
better explained by pseudo-isothermal halos rather than NFW halos, suggesting the density
profile of the dark matter is ‘cored’. These studies find the data to be better explained by
cored halos rather than very centrally dense cuspy halos. Now that we have measured the
length and corotation radius of the bar, we can use the ratio of these two parameters to
determine the relative bar pattern speed (R) and probe the dark matter halo in a new way.
Using the azimuthal bar radius and first phase crossing after the bar radius using the
PD97 method, our relative bar pattern speeds (R) are shown in Table 2.2. Here we have
propagated the bar length and corotation radius errors through to determine the error on R.
The relative bar pattern speeds for our sample are shown in Fig. 2.34. With the exception
of F568-3, we find excellent agreement between the relative bar pattern speeds of both
photometric bands. We note that we are comparing two different corotation radii for F568-3
between the I -band and 3.6 µm. Excluding F563-V2, our relative bar pattern speeds span
values from 1.13 to 1.47, suggesting that these galaxies are not embedded in dark matter
halos with high central densities. While a few values straddle the line between fast and
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Figure 2.34: Relative bar pattern speeds for our sample. From left to right: UGC 628, F568-1,
F568-3, F563-V2. Filled circles show the B,I values and filled triangles show the B,3.6 µm
values. Horizontal dashed line indicates the distinction between ‘fast’ and ‘slow’ bars. If
LSBs reside in centrally dense (i.e. cuspy) halos as expected, they should reside in the upper
portion of this plot. ‘Normal’ HSBs almost exclusively live in the bottom portion of the
figure, as they are baryon dominated in their inner regions.
slow with large errors, the values are still comparable to those found for HSBs (i.e. fast)
with F563-V2 being the clear exception. Since we find such a slow bar in F563-V2, we are
confident that we are able to differentiate between fast and slow bars.
As previously mentioned in Sec. 2.2.1, our four galaxies have kinematic data in the
literature and were part of dark matter halo studies. In Fig. 2.35 we show the relative bar
pattern speeds versus the NFW concentration c and pseudo-isothermal central density ρ0 .
Red triangles in Fig. 2.35 are UGC 628, green squares are F568-1, blue pentagons are F568-3,
and purple hexagons are F563-V2. Halo parameters for UGC 628 are taken from de Blok &
Bosma (2002), parameters for F568-1 are from de Blok et al. (2001b), and parameters for
F568-3 and F563-V2 are from Kuzio de Naray et al. (2008). The NFW fits to F568-3 (Kuzio
de Naray et al. 2008) were held fixed unlike the other three galaxies, because a fit to the data
could not be made. In each of these studies, R-band photometry from de Blok et al. (1995)
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Figure 2.35: Relative bar pattern speed plotted versus NFW concentration c (left) and
pseudo-isothermal central density ρ0 (right), both halo fits from population synthesis models.
Red triangles are UGC 628, green squares are F568-1, blue pentagons are F568-3, and purple
hexagons are F563-V2. Halo parameters for UGC 628 are taken from de Blok & Bosma
(2002); parameters for F568-1 are from de Blok et al. (2001b); parameters for F568-3 and
F563-V2 are from Kuzio de Naray et al. (2008). NFW parameters for F568-3 are not fits,
but held fixed. The horizontal dashed line shows R = 1.4, the deliminator between fast and
slow bars.
and Swaters (1999) and stellar M/L ratios from population synthesis models have been used
to determine the contribution of the stars to the total mass of each system. The horizontal
dashed line shows R = 1.4. In our small sample we do not find any correlation between the
dark matter halo parameters and the relative bar pattern speeds.
We show our relative bar pattern speeds versus strength compared with the HSB galaxies
from Aguerri et al. (1998) in Fig. 2.36. The black line indicates the fit from Aguerri et al.
(1998), R = 0.82 + 1.12Sb . We find that our galaxies all fall above this relation. Excluding
F563-V2, the two points far above the rest, it appears as though there is no correlation with
relative bar pattern speed and bar strength for both LSBs and HSBs. In fact, were it not for
the HSB at SB ≈ 0.18, the Aguerri et al. (1998) sample would be roughly flat as well. To test
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Figure 2.36: Same as Fig. 2.33, but with relative bar pattern speed instead of length. The
solid line is the fit to the HSBs, found by Aguerri et al. (1998), and the horizontal long dashed
line shows the deliminator between fast and slow bars. The short dashed line is a fit to the
HSBs and LSBs, excluding F563-V2 (the two points above the rest): R = 1.25 + 0.14Sb . The
shaded gray region denotes the scatter about the fit: σ = 0.137.
this, we fit both the LSB and HSB datasets (excluding F563-V2) and found R = 1.25 + 0.14Sb
with a scatter σ = 0.137 shown as the short dashed line and gray shaded band in Fig. 2.36.
In the following sections we discuss the relative bar pattern speeds, R, for each galaxy
individually in context with any previous work, as well as with previous dark matter studies.

2.5.3.1

Comments on UGC 628

Our relative bar pattern speeds for UGC 628 are RI = 1.25 ± 0.11 and R3.6 = 1.22 ± 0.14,
clearly indicating a fast bar, suggesting the dark matter halo is not as centrally dense as
would be expected for a cuspy halo. de Blok & Bosma (2002) find that both NFW halo
and pseudo-isothermal fits to the Hα rotation curve of UGC 628 provide similar results. In
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addition, they find that UGC 628 has a steep, cuspy inner slope (α ∼ -1.3). However, de
Blok (2005) show how cuspy halos do not provide realistic or physically meaningful fits to
the data for UGC 628 (and many other LSBs).
Our relative pattern speeds are in conflict with Chemin & Hernandez (2009) and Chequers
et al. (2016), who both find a slow bar (R ∼ 2). As previously mentioned, Chemin &
Hernandez (2009) applied the TW method to an Hα velocity field to measure the bar pattern
speed, and Chequers et al. (2016) used an N-body simulation to model the bar pattern speed.
We think this conflict ultimately stems from the measure of the bar radius. Both of these
previous works place the bar radius at ∼14.500 in the R-band, far longer than our value of
∼11.500 . Looking at Fig. 2.7, a bar radius of ∼14.500 would be more similar to the bar radii
from the Fourier intensities method and would contain a portion of the spiral arms. In
addition, our radius of corotation is ∼1400 , falling inside the bar for these other two works.
However, corotation cannot occur within the bar, since these orbits would be unstable and
eventually cause the bar to be destroyed (Contopoulos 1980). We also note that we do find
the radius of corotation reported by Chemin & Hernandez (2009) in 3.6 µm, ∼3000 . If we use
this value for RCR , we find R > 2, which brings us into agreement with Chemin & Hernandez
(2009) and Chequers et al. (2016).
We also emphasize that the result from the Chequers et al. (2016) modeling assumes a
centrally-dense, cuspy NFW dark matter halo for their simulation, so it is not unexpected that
a slow bar was found. This assumption is contrary to previous works that found UGC 628 to
not be well fit by an NFW halo (e.g. poor fits in de Blok et al. 2001a; de Blok 2005). Based
on our results, we reclassify UGC 628 as having a fast bar. Chequers et al. (2016) find that
despite the slow pattern speed, their model of UGC 628 implies that the galaxy is not dark
matter dominated in the inner radii, as found by Chemin & Hernandez (2009). This would
be consistent with our finding of a fast bar in this galaxy.
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2.5.3.2

Comments on F568-1

Because we are confident that the first phase crossing for both I and 3.6 µm are real, we
have relative bar pattern speeds of RI = 1.34 ± 0.18 and R3.6 = 1.47 ± 0.22, respectively.
This leaves us with results that span both the fast and slow regimes for F568-1. This is likely
due to the large errors found for this galaxy, resulting from the angularly small bar radius.
In terms of mass profiles for this galaxy, de Blok et al. (2001a) find that the pseudoisothermal halo profile is the best fit to the rotation curve for F568-1, and that the NFW
profiles all over predict the rotation curve in the inner and outer regions. Swaters et al. (2000)
also found a relatively flat inner density slope, α ∼ 0.3, suggesting a cored halo. According
to de Blok et al. (2001a), the maximum disk profile is the best scenario for the NFW fits,
albeit still worse than the pseudo-isothermal halos. In addition, Fuchs (2003) showed that
the maximum disk hypothesis holds for dual-armed spiral LSBs; F568-1 was included in this
work. Lee et al. (2004) find that a bottom heavy IMF in combination with very recent star
formation can explain the results from Fuchs (2003), lowering the required mass of the dark
matter halo significantly.
When considering the errors, the relative bar pattern speeds calculated for F568-1 span
the range of 1.15 to 1.69, bracketing the R = 1.4 dividing line between the fast and slow
regimes. The only way for us to obtain unambiguously high relative bar pattern speeds would
be to ignore the first phase crossing for both I and 3.6 µm and take the second intersection
of 9.6600 in both bands to be the corotation radius. This would give relative bar pattern
speeds of RI = 2.21 ± 0.11 and R3.6 = 2.01 ± 0.28. Finding pattern speeds that are not
clearly slow or clearly fast is not uncommon for the PD97 method; Sierra et al. (2015) for
instance find roughly ten of the 57 galaxies in their sample have relative bar pattern speeds
that span both fast and slow within their errors. All galaxies in Sierra et al. (2015), however,
are baryon-dominated HSBs that display little need for dark matter until large radii (the flat
part of their rotation curves). In contrast, LSBs require dark matter to become a significant
mass component much farther in. That the bars in UGC 628, F568-1, and F568-3 (see below)
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do not reside well inside the slow regime is perhaps suggestive that these galaxies do not
contain as much dark matter near their centers as would be expected for systems inside
centrally dense cuspy dark matter halos.

2.5.3.3

Comments on F568-3

For F568-3, we are left with two very different results, both of which depend on the corotation
radius that is used. If we take the first phase intersection between the B and I bands, then
we find that RI = 1.13 ± 0.13, clearly indicating a fast bar. However, this phase intersection
is not seen in 3.6 µm. If we take the corotation radius as the second phase intersection
between B and I, which is in agreement with the B,3.6 µm phase crossing, then we have
RI = 1.55 ± 0.17, or a slow bar. To further complicate things, the phase intersection between
B and 3.6 µm gives R3.6 = 1.44 ± 0.19, spanning both fast and slow.
Because the phase reversal between the B and I bands is quite clear, it is very likely real,
as justified in Sec. 2.4.3.3. We therefore trust that our results for the B and I phase crossing
are more certain than the B and 3.6 µm phase crossings. Thus we conclude that F568-3 is
more likely to have a fast bar, suggesting the dark matter halo is not centrally dense. F568-3
is also present in the Fuchs (2003) and Lee et al. (2004) samples, whose findings suggest that
the stellar component in this galaxy may be more massive than previously thought. This is
also supported by the complex morphology that is present in the inner radii for this galaxy.
If the dark matter halo for F568-3 were centrally dense, then it would be very unlikely to
find the inner spiral structure and bar as these global features would be smoothed out by the
dark matter halo (Mihos et al. 1997).
The NFW profile rotation curve fitting from de Blok et al. (2001a) and Kuzio de Naray
et al. (2008) for this galaxy were unable to converge, forcing the authors to hold best guess
values fixed by hand. In addition, Swaters et al. (2000) found a flat inner density slope,
α ∼ 0.2, inconsistent with a cuspy halo.
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2.5.3.4

Comments on F563-V2

Based off of the bar radii and corotation radii from both bands, F563-V2 clearly has a slow
bar. For the I band we have RI = 2.38 ± 0.18, and R3.6 = 2.20 ± 0.20 for 3.6 µm. Our
azimuthal light profiles reveal there to be only one strong arm, with possibly a fainter arm
as well. As described in Sec. 2.2.3, this prevented us from being able to use ELLIPSE to
determine the deprojection and we relied instead on values from the literature. In addition,
the sole-arm could pose issues for the PD97 method, which selects the m = 2 mode for the
Fourier transform. This likely explains the large errors on our R values. Due to this, the
phase profiles for this galaxy are not as clear as the rest of our sample. Somewhat supporting
this, F563-V2 is a clear outlier when looking at Fig. 2.36, seen as the two points above the
rest. This figure suggests that there is no real correlation between bar strength and pattern
speed.
Based off of the rotation curve fitting from de Blok et al. (2001a), the NFW profile does
much worse than the pseudo-isothermal profile. This is supported both by the overestimating
of the inner portions of the rotation curve as well as the relatively flat inner slope of the
density profile, α ∼ 0, from Swaters et al. (2000), suggestive of a cored halo. However, our
relative bar pattern speed for F563-V2 would be in agreement with a very centrally dense
dark matter density profile.

2.6

Conclusions

We have used multi-band photometry to characterize bars in four low surface brightness
galaxies. In general, we find that techniques used for high surface brightness galaxies can be
successfully applied to LSBs. We list our conclusions here.
1. Bar morphology in LSBs is quite complicated, allowing for structures such as double
bars or inner spirals within the bar region, as well as being generally lopsided features.
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2. We find measuring bar properties in LSBs with poorly-defined spiral arms is more
difficult than in those with a clear dual-arm structure because of the uncertainties
associated with the disk deprojection.
3. The bars in our sample have comparable lengths to those found in late-type HSB
galaxies. We require a larger sample to know if this holds for LSBs in general or not.
4. The bars in our LSBs appear to have weaker bars than HSBs on average, but not
drastically so.
5. Excluding F563-V2, our barred LSBs appear to have relative bar pattern speeds that
are comparable to HSBs, with the majority of our measurements consistent with fast
bars. This implies that the dark matter halos of our LSBs are unlikely to be centrally
dense (i.e. cuspy). Since we find such a slow bar in F563-V2, however, we are confident
in differentiating between fast and slow bars for our sample.
6. We reclassify UGC 628 as having a fast bar due to both our clear phase intersections
and shorter bar radius than previous works.
7. We find no correlation between bar strength and relative bar pattern speed when
including measurements from HSBs.
Our initial findings that LSB bars are fast is intriguing, but we require a much larger
sample before we can say anything about the general population as a whole. Observations
of nearly two-dozen more barred LSBs are currently underway and the results from those
studies will be combined with our findings here to give a more clear and wide-ranging picture
of LSB galaxies.
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Chapter 3
Expanding the Sample
Peters, W. & Kuzio de Naray, R., “Bar properties and photometry of barred low surface
brightness disc galaxies”, 2019, MNRAS, 484, 850

3.1

Introduction

Low surface brightness galaxies (LSBs) are disk galaxies typically defined as having central
surface brightness µ0 (B) > 22.0 mag arcsec−2 (e.g. McGaugh et al. 1995b) or µ0 (B) > 23.0
mag arcsec−2 (e.g. Impey & Bothun 1997). Although LSBs occupy a large portion of the
galaxy population, they are often biased against in large surveys due to their faint nature
(McGaugh et al. 1995b; O’Neil & Bothun 2000; Trachternach et al. 2006). LSBs are not
exclusively low-mass galaxies, but instead span all mass ranges (McGaugh et al. 1995a; O’Neil
& Bothun 2000). LSBs are also HI rich (i.e. MHI /M∗ > 1) when compared with HSBs (de
Blok et al. 1996; Pahwa & Saha 2018), suggesting they may be relatively unevolved systems.
LSBs are vital to our galaxy formation and evolution theories. In particular, LSBs serve
as ideal dark matter laboratories, as analysis of their rotation curves have indicated they are
dominated by dark matter at nearly all radii (e.g. de Blok et al. 1996; de Blok & McGaugh
1997; McGaugh et al. 2000; Swaters et al. 2003; Haghi et al. 2018). As such, the dynamics of
unbarred LSBs are particularly well understood. However, given the inherent noncircular
motions of barred LSBs, these galaxies and their bars are less well studied. Nonetheless, these
systems could shed further light on the nature of dark matter.
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Due to their gas rich nature (e.g. McGaugh & de Blok 1997; Cervantes Sodi & Sánchez
Garcı́a 2017), dark matter domination (e.g. de Blok & McGaugh 1997; Bothun et al. 1997),
and isolated environments (e.g Bothun et al. 1993; Mo et al. 1994; Rosenbaum & Bomans
2004; Du et al. 2015; Honey et al. 2018), LSBs are expected to be quite stable against bar
formation. Indeed, the bar fraction for LSBs has historically been quite low, ∼8%, (Mihos et
al. 1997; Honey et al. 2016) when compared with the HSB bar fraction, ∼60% (e.g. Eskridge
et al. 2000; Marinova & Jogee 2007). However, large-scale LSB studies have begun increasing
this bar fraction to ∼20% (see Cervantes Sodi 2017; Pahwa & Saha 2018). Finally, while
LSBs are relatively isolated, there is recent work to suggest that galaxy isolation has less
of an effect on bar formation than previously thought (Casteels et al. 2013; Lin et al. 2014;
Zana et al. 2018).
In the previous chapter, Chapter 2, we measured the photometric bar properties of four
well-studied LSBs: UGC 628, F563-V2, F568-1, and F568-3. We found that the bars in these
galaxies had comparable lengths and relative bar pattern speeds to those in HSBs, albeit
weaker. Most interestingly, we found that three of the four galaxies were hosts to ‘fast’ bars,
contrary to expectations for objects in non-rotating dark matter halos.
Here, we use the same methods as in Chapter 2 for 11 new targets that are comparably
less well studied, i.e. no existing surface brightness profiles, mass modeling, or rotation curves.
We have used the same measurement techniques as those in Chapter 2, with an additional
bar length measure used here. Finally, we have created mock galaxy images in order to fully
test our various bar length measurements, specifically to quantify how accurately we can
determine the other two parameters we are interested in: strength and corotation radius.
We have also obtained broadband B- and I-band photometry of our full sample, and
derived surface brightness profiles, magnitudes, and colors. In addition, we have used
published HI fluxes to obtain HI mass estimates, and population synthesis models to obtain
stellar mass estimates in order to examine the gas fractions of a subset of our sample.
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The organization of this chapter is as follows. We detail our sample, data acquisition
and reduction in Sec. 3.2. Our methods and results for the bar properties of our sample are
presented in Sec. 3.3, and we describe and show results of our mock galaxy image procedure
in Sec. 3.4. We outline our methods for measuring photometry and present the results in
Sec. 3.5. We use published HI fluxes and obtain stellar mass estimates for a subset of our
sample in Sec. 3.6 to examine gas fractions. Finally, our discussion and conclusions are in
Sec. 3.7.

3.2

Sample and Data

In this section we briefly outline our sample selection and observations of barred LSBs. We
also detail our data reduction.

3.2.1

Sample

As discussed in Chapter 2, we have assembled a sample of 15 barred LSBs drawn from the
catalogs of Schombert et al. (1992) and Impey et al. (1996). Not much is known about the 11
new targets in this sample, with few of the galaxies being observed since appearing in Impey
et al. (1996). We show the entire observed sample in Table 3.1. Here, we list the R.A. (col. 1)
and Dec. (col. 2) coordinates, date of observation (col. 3), photometric bands observed (col.
4), average seeing for observations (col. 5), derived position angles (col. 6) and inclinations
(col. 7).
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Table 3.1: Sample of observed barred LSBs. The R.A. (col. 1) and Dec. (col. 2) coordinates, date of observation (col. 3),
photometric bands observed (col. 4), average seeing for observations, B then I, (col. 5), derived photometric disk position angles
(col. 6) and inclinations (col. 7), distances (col. 8), and morphologies (col. 9). Position angles and inclinations for UGC 628,
F563-V2, F568-1, and F568-3 are taken from Chapter 2, with the remainder derived in this work (Sec. 3.2.2). The Tully-Fisher
distance for UGC 628 is taken from Tully et al. (2016); the remaining distances are derived using available spectroscopic distances
from NED.
Galaxy
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R.A.
(J2000)
UGC 628
01:00:51.9
LEDA 135682
03:39:34.2
LEDA 135684
03:41:44.5
LEDA 135693
03:53:26.3
UGC 2925
04:01:02.5
F563-V2
08:53:03.8
F568-1
10:26:06.3
F568-3
10:27:20.2
LEDA 135782
11:28:29.6
UGC 8066
12:57:00.3
LEDA 135867
14:48:56.4
F602-1
22:34:46.0
PGC 70352
23:03:21.5
ASK 25131
23:12:21.0
[ISI96] 2329-0204 23:31:40.8

Dec.
Date
Bands
(J2000)
+19:28:33
7 August 2016
B, I
-00:30:43
29 October 2017
B, I
-02:00:09
29 October 2017
B, I
+00:50:32
29 October 2017
B, I
-00:43:03
29 October 2017
B, I
+18:26:09 24, 28 February 2017
B, I
+22:26:01 24, 28 February 2017
B, I
+22:14:24 24, 28 February 2017
B, I
+00:08:40
13 May 2018
B, I
+01:01:43
13 May 2018
B, I
-00:43:38
13 May 2018
B, I
+22:33:48
25 August 2017
B, V, R, I
+01:53:12
25 August 2017
B, R, I
-01:05:42
25 August 2017
B, V, R, I
-01:48:01
25 August 2017
B, V, R, I

Seeing
(00 )
1.74, 1.50
1.06, 0.92
1.12, 0.91
0.88, 0.87
1.00, 0.79
1.50, 1.54
1.43, 1.08
1.59, 1.15
1.27, 1.21
1.11, 0.91
1.32, 1.25
0.84, 0.97
1.11, 1.10
1.04, 0.83
0.87, 0.74

P.A.
i
D
Morph.
(◦ )
(◦ )
(Mpc)
-42.80 58.20
86
SBc
42.66 32.75
104
SBbc
30.07 44.35
46
SBd
37.84 22.12
154
SB(r)b
-36.64 31.79
57
SB(r)c
-32.00
29
60
Irr
-86.00 24.90
92
SBbc
-11.40 39.60
83
SBcd
5.27 35.91
208
SBc
-8.46 50.90
40
SB(r)d
73.40 38.30
119
SBd
-6.00 28.58
105
SBc
60.90 31.09
73
SBd
-2.96 38.00
107
SBcd
20.28 31.43 . . .
SBcd

In col. 8 we list distances (Mpc). Only one of our galaxies, UGC 628, has a redshift
independent distance (Tully et al. 2016). We estimated the distances for the remainder of the
galaxies by averaging the derived spectroscopic redshift distances on the NASA Extragalactic
Database (NED)1 , assuming H0 = 73 km s−1 Mpc−1 . There are no available spectra or
distance measurements for [ISI96] 2329-0204. For those galaxies with distances less than
∼100 Mpc, these distance estimates likely have large errors. However, we use the distances
here to obtain estimates of physical bar lengths and disk-scale lengths from our arcsec
measurements, allowing the physical values to be scaled later on if a redshift independent
distance is determined at a later time.
In col. 9 we list the morphologies of the sample, following the same method as for HSBs
(i.e. de Vaucouleurs 1959). As with LSBs in general, our targets are all late- to very late-type
galaxies. With the exception of F563-V2, all our galaxies have a spiral structure, some much
more pronounced than others.

3.2.2

Observations and Reduction

To observe our targets, we used the ARCTIC imager on the 3.5-m telescope at Apache Point
Observatory2 . ARCTIC has a field of view of 7.50 ×7.50 . We used ARCTIC in single read
out mode with 2×2 binning, giving a plate scale of 0.228 arcsec pix−1 . We obtained B- and
I-band images of 13 new galaxies. In addition, we obtained V - and R-band images for a
subset of four galaxies.
We observed each galaxy in all bands with 3×600 sec. exposures, with 1500 dithering
between each image. In addition, we used a circular dithering pattern for the I -band images
in order to create a master fringe pattern for reduction (see Appendix A for a description of
1

The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the National Aeronautics and Space Administration.
2
Based on observations obtained with the Apache Point Observatory 3.5-meter telescope, which is owned
and operated by the Astrophysical Research Consortium.
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this process). We reduced the data using standard packages and routines in IRAF3 : CCDPROC,
IMCOMBINE, etc.. For photometric calibration, stars near our targets from Landolt (1992)
were observed to obtain photometric zero points. These zero points were found to be accurate
to 0.2 mags by checking with stars in the field from Pan-STARRS1 (Chambers et al. 2016)
and TASS Mark III (Richmond et al. 2000). Sky values were determined by subtracting the
average value of six 50×50 pixel star-free boxes in each image (see Chapter 2 and Schombert
& McGaugh 2014).
As with Chapter 2, we deproject our galaxy images for our analysis. To do this, we use
the IRAF task ELLIPSE to determine the disk position angle and inclination of each galaxy in
each photometric band. We then take the average value between all available bands to be
the P.A. and inclination of the galaxy, with the largest deviation from the average assigned
as the error. Errors in P.A. and inclination are typically ∼ ±5◦ and ∼ ±2◦ , respectively. The
deprojection is then performed using GEOTRAN to rotate and ‘stretch’ the image. Our derived
P.A. and inclinations are listed in Table 3.1.
Our final, reduced, on-sky B - and I -band images for our new galaxies are presented in
Fig. 3.1. Here, images of the same photometric band have been scaled the same way for easy
comparison (except for the I -band image of UGC 2925 which has a larger scaling range),
and every image uses asinh scaling to best show the structure in each galaxy. Each image is
400×400 pixels, or 1.520 ×1.520 .

3.3

Bar Properties

Here we describe the methods used to characterize each of the bar properties for the full
sample. In addition, we present and discuss the results in relation to previous LSB and HSB
results.
3
IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association
of Universities for Research in Astronomy (AURA) under a cooperative agreement with the National Science
Foundation
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Figure 3.1: B - and I -band ARCTIC images of our sample. Galaxies are separated by
thick black lines, with the B -band image on the left and the I -band image on the right for
each galaxy. Each image is 400×400 pixels, or 1.520 ×1.520 , with each B -band image scaled
identically. All I -band images are scaled identically with the exception of UGC 2925. All
images are shown with asinh scaling to display structure more easily. North and East are
indicated by the arrows in the bottom center, each arrow being 6000 long. Images for UGC
628, F563-V2, F568-1, and F568-3 are in Chapter 2.
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3.3.1

Methods

We follow the methods outlined in Chapter 2 for determining the bar length, strength, and
corotation radius but we also employ a new bar length measure with the aim of improving
the elliptical isophotal bar length measure for our sample. For a more detailed description of
each of these methods, see Sec. 2.3 in Chapter 2. All of our measurements use the deprojected
I-band galaxy images, since bars are stellar features and are more prominent and well-defined
in redder photometric bands. For the sake of example, we will use LEDA 135782 as a
walkthrough for each meaasurement. The remaining galaxies are shown in the additonal
figures at the end of this chapter.

3.3.1.1

Bar Lengths

Since the bar strength and corotation radius are dependent on the bar radius, it is important
that the bar radius be accurately determined. Therefore, as in Chapter 2, we use multiple
methods for measuring the bar length: (1) elliptical isophotes (e.g., Wozniak et al. 1995;
Aguerri et al. 1998, 2000a,b, 2009); (2) Fourier analysis of azimuthal light profiles (e.g. Ohta
et al. 1990; Aguerri et al. 1998, 2000a); (3) azimuthal behaviour of the bar (Ohta et al. 1990).
We briefly describe each method below. We select the best measurement of the bar length by
visually comparing the various measures on the deprojected galaxy images (see Chapter 2).
For a few targets, the bars are no longer than 200 (∼8.77 pixels), so some methods are unable
to find a bar length.

Elliptical Isophotes When fitting the light distribution of a galaxy with elliptical isophotes,
a bar can be found by analyzing the behaviour of both the eccentricity and position angles of
the ispohotes. For example, a traditional approach is to use the radius of maximum ellipticity
as the bar length (e.g. Wozniak et al. 1995).
However, the bar length can be underestimated when using the radius of maximum
ellipticity (Michel-Dansac & Wozniak 2006). In addition, because the bar strength and
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relative bar pattern speed depend on the bar length, choosing the most accurate measure of
the bar length is crucial. Due to this, we have employed an additional bar length measure
using the elliptical isophotes that was not used in Chapter 2. This method defines the bar
length to be the location where the position angle of the isophotes diverges a certain amount
away from the position angle of the bar (Wozniak et al. 1995; Aguerri et al. 2009). We
therefore have two measures using the elliptical isophotes: (1) Re , the radius of maximum
ellipticity, and (2) RPA , the radius where the P.A. of the isophotes differs by more than 5
degrees from the value at Re .
The deprojected radial plots of eccentricity and P.A. for LEDA 135782 are shown in
Fig. 3.2. In each panel, the vertical dashed line indicates the bar length from the respective
method. Using the radius of maximum eccentricity, we find a bar length of 3.1100 ± 0.3000 ,
and the bar length from the discontinuous P.A. is 3.7700 ± 0.3600 . The errors for both these
methods come from the radial spacing between the points. We find that discontinuous P.A.
radius method fails for one of our galaxies, F563-V2.
The bar lengths for each galaxy are listed in Columns 1 and 2 in Table 3.2. Plots similar
to Fig. 3.2 for the remaining galaxies are in shown in Fig. 3.19.

Fourier Analysis The Fourier analysis is done by decomposing our deprojected images
into azimuthal light profiles Ir (θ), and then decomposing these via a Fourier transform:
Z

π

F(r) =

Ir (θ) exp (−2iθ)dθ.

(3.1)

−π

The Fourier coefficients are
π

1
Am (r) =
π

Z

1
Bm (r) =
π

Z

Ir (θ) cos (mθ)dθ

(3.2)

Ir (θ) sin (mθ)dθ

(3.3)

0
π

0
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Figure 3.2: Radial plots of eccentricity (top panel) and P.A. (bottom panel) for LEDA 135782.
The vertical dashed lines indicate the bar lengths based on maximum eccentricity (top panel)
and position angle discontinuity (bottom panel).
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and the amplitudes are
A0 (r)
2

(3.4)

p
2 (r)
A2m (r) + Bm

(3.5)

I0 (r) =
Im (r) =

In order to determine the bar length, we use the bar/interbar (Ib /Iib ) Fourier intensities
method from Aguerri et al. (2000a), where the bar region is defined as
Ib
1
>
Iib
2



Ib
Iib




−

max

Ib
Iib






+

min

Ib
Iib


.

(3.6)

min

The last radius at which the above is satisfied is taken to be the bar radius. The bar and
interbar intensities are defined as

Ib = I0 + I2 + I4 + I6

(3.7)

Iib = I0 − I2 + I4 − I6

(3.8)

While Aguerri et al. (2000a) state Equation 3.6 describes the bar region better than
(Ib /Iib ) > 2, both our results from Chapter 2 and the results from Aguerri et al. (2009) show
that this method can tend to overestimate the true bar length. Regardless, we use this
method to determine how effective (or not) it is when applied to LSBs.
The bar/interbar Fourier intensity plot for LEDA 135782 is shown in Fig. 3.3, where the
dashed horizontal line denotes Equation 3.6. We only consider data near the bar region as
including radii in the disk can bias the method due to spiral arms, hence why the profile ends
near 400 . Using this method, we find a Fourier bar length of 3.500 ± 0.4600 . The error for this
method comes from the radial spacing of the azimuthal light profiles.
LEDA 135782 has interesting Fourier amplitudes, shown in Fig. 3.4. Here we see strong
m = 2 (deep blue) modes in the bar and disk region, which is not surprising for a barred
spiral. However, we also see strong m = 1 (deep red) and m = 3 (yellow) modes in the disk.
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Figure 3.3: Bar/Interbar Fourier intensities for LEDA 135782. The dashed horizontal line
denotes Equation 3.6, or the bar region. As the bar region is defined as where the ratio is
greater than Equation 3.6, only the second crossing denotes the bar length.
When looking at Fig. 3.1, LEDA 135782 appears to have three spiral arms, consistent with
the strong odd modes.
We find that the strength of the spiral arm pattern greatly affects the accuracy of this
method. For instance, for those galaxies with a strong dual-arm pattern (see UGC 628
and F568-1 in Chapter 2 and LEDA 135682 in Fig. 3.1), the bar length is consistently
overpredicted. The method finds the bar length more easily when the spiral arms are weaker.
In addition, we find the Fourier method fails to find a bar length for three of our galaxies,
most likely due to the spiral arms: LEDA 135867, PGC 70352, and [ISI96] 2329-0204 (middle
center, middle right, and bottom right in Fig. 3.1). When examining the Fourier amplitudes
for these three galaxies, we find even modes that are stronger in the disk than in the bar,
preventing the method from accurately determining a bar region.
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Figure 3.4: Fourier amplitudes for LEDA 135782: B band shown in the left panel and I band
in the right panel. Bluer colors show even modes with deep blue being the m = 2 mode,
and redder colors show odd modes with deep red being the m = 1 mode. Here we can see
strong m = 2 modes in the bar region and disk region. Interestingly, we see strong m = 1
and m = 3 (yellow) modes in the disk region.
The bar lengths for each galaxy using the Fourier Analysis method are listed in Column 3
of Table 3.2. Figures similar to Fig. 3.3 and Fig. 3.4 for the remaining galaxies are shown in
Fig. 3.20 and Fig. 3.21.

Azimuthal Light Profile Finally, we use azimuthal light profiles to characterize the
azimuthal behaviour of the bar. Following the procedure outlined in Chapter 2, we determine
the azimuthal centroid of the bar and track either where the humps in the azimuthal light
profiles no longer trace a constant azimuthal centroid, or where the azimuthal profiles begin
to trace the spiral arms at the end of the bar. To do this, we make the following assumptions:
(1) the bar is constant in azimuthal angle, and (2) the (two) spiral arms, if present, are
separated by 180◦ azimuthally. While these two assumptions may not always be true (e.g.
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the bar may have internal structure that causes it to be warped), they allow us to analyze
the behaviour of the bar in order to determine the length.
Due to the different morphologies of our sample and sizes of our galaxies on the sky,
we varied the azimuthal spacing and starting radius when constructing the azimuthal light
profiles, as opposed to leaving all galaxies with the same radial spacing of 0.4600 and starting
radii of 200 as was the case in Chapter 2. This allowed bars that were quite short, <200 , to be
measured.
The B-band and I-band azimuthal light profiles for LEDA 135782 are shown in Fig. 3.5.
Here, the profiles are plotted every ∼0.700 for clarity, and the color scheme indicates the radial
position with redder colors at smaller radii. We can see the clear presence of a bar in both
bands, as indicated by the black arrows at ∼90◦ and ∼270◦ in the inner radii, as well as a
three arm pattern present in the outer radii (green profiles) in both bands.
We show the azimuthal information for the bar in LEDA 135782 in Fig. 3.6, deriving the
azimuthal positions and errors of the humps by fitting gaussians to the profiles. Here we show
the azimuthal positions of the bar ‘humps’ (top left), the azimuthal difference between the
two humps (top right), the azimuthal difference from the bar centroid (bottom left), and the
ADU intensity of the bar humps (bottom right). The dashed vertical line in the bottom left
denotes the bar length, or where the azimuthal difference from the bar centroid has diverged.
LEDA 135782 is a prime case of a very small bar (on the sky), which can pose a challenge
when using this method. However, it is clear from looking at the bottom left panel that the
first three points are relatively constant, best seen in the open yellow points, and show a
dramatic change after the dashed line. We find a bar length of 2.6600 ± 0.6800 . The errors are
determined based on the behaviour of the azimuthal light profiles, as discussed in Chapter 2.
We assign the larger errors due to the small bar in this galaxy.
For LEDA 135682 and [ISI96] 2329-0204, the bar is quite small on the sky (∼200 ) and
hard to measure with this method. In order to get as accurate a measurement as possible,
we decreased the starting radius of our azimuthal light profiles to 100 for each galaxy, and
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Figure 3.5: B-band (top) and I-band (bottom) azimuthal light profiles (in mag arcsec−2 ) for
LEDA 135782. Profiles are plotted every ∼0.700 for clarity. Color scheme indicates radial
position, with redder colors at smaller radii. The black arrows are placed to assist the reader
in identifying the humps in the inner radii.

89

Figure 3.6: Bar azimuthal angle information for LEDA 135782. Top Left: azimuthal position
of the two bar humps; Top Right: difference between azimuthal angles for two humps; Bottom
Left: azimuthal difference from the bar centroid; Bottom Right: ADU intensity of the bar
humps. The dashed vertical line in the bottom left panel denotes the azimuthal bar length,
or where the azimuthal position of the humps has diverged from the bar azimuthal centroid.
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lowered the radial spacing for LEDA 135682 to 1.5 pixels (0.3400 ) and to 1 pixel (0.22800 ) for
[ISI96] 2329-0204. To ensure we maintained at least one pixel in each azimuthal division, we
increased the size of the azimuthal bins to 9◦ for both galaxies. This is a loss of resolution on
these azimuthal light profiles, but the azimuthal locations of the bar remained unchanged.
The bar lengths for each galaxy measured using azimuthal light profiles are listed in
Column 4 of Table 3.2. Figures similar to Fig. 3.5 and Fig. 3.6 for the remaining galaxies are
shown in Fig. 3.22 and Fig. 3.23 respectively.

3.3.1.2

Bar Strengths

Instead of using the same bar strength measure as in Chapter 2 (i.e. from Aguerri et al.
2000a), we modify the method to include the higher order even components, as these can be
significant (Ohta et al. 1990):

Sb =

1
rbar

X Z
m=2,4,6

0

rbar

Im
dr,
I0

(3.9)

where m = 2, 4, 6 are the even modes, and rbar is the bar radius from the azimuthal method.
We note that our measure is only a lower limit, as we cannot probe down to r = 0, since this
would result in azimuthal bins with no pixels when constructing the azimuthal light profiles.

3.3.1.3

Corotation Radii

We use the method put forth in Puerari & Dottori (1997) to measure the corotation radius
(RCR ) of the bar, the radius where disk orbits are equal to the pattern speed of the bar. This
method determines RCR via the intersection of phase profiles of the Fourier transforms of the
B - and I -band images. The phase is given by

Θ(r) = arctan
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Re(F(r))
.
Im(F(r))

(3.10)

The idea behind this method is based on using the two different photometric bands, B and
I, as proxies for two different stellar populations, young and old. We take the first phase
intersection after the bar length to be the corotation radius. Corotation should not occur
within the bar region (Contopoulos 1980; Bureau et al. 1999), and multiple intersections after
the bar may be representative of the pattern speed of the disk (Puerari & Dottori 1997).
Again, we use LEDA 135782 as an example for this process. The phase profiles for LEDA
135782 are shown in Fig. 3.7. Here we see there are multiple phase intersections near the bar
region: 2.200 , 2.800 , and 3.100 . Using the azimuthal bar length from Table 3.2, this means the
bar corotation radius is at 2.800 , the first intersection after the bar radius. In addition, we
find a phase intersection farther out, at 6.800 . This is likely a disk corotation radius.
Plots similar to Fig. 3.7 for the remaining galaxies are shown in Fig. 3.24.

3.3.2

Results

Here, we discuss the three bar properties (length, strength, corotation radius) for the entire
sample. We do not discuss each galaxy individually, but we do focus on interesting or
problematic galaxies when applicable (for more detailed discussion on these methods and
individual results on our first sample, see Chapter 2). The bar lengths from each of the four
techniques for each galaxy are listed in Table 3.2, and our final derived bar properties are
listed in Table 3.3.

3.3.2.1

Bar Lengths

The bar lengths measured using each technique for each galaxy are listed in Table 3.2. We
also include the bar length measurements from Chapter 2, as well as apply the RPA measure
to the four galaxies from Chapter 2. We determine the final bar length for all galaxies by
visually plotting the various bar length measures over the deprojected I-band images (see
Fig. 3.8, Fig. 3.25, and Chapter 2). We report these values as Rbar in Table 3.3. In general,
we find an average bar length of 2.5 kpc for our sample.
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Figure 3.7: B-band (blue triangles) and I-band (red squares) phase profiles for LEDA 135782.
Intersections of the phase profiles denote corotation radii, with the first intersection after the
bar length being the bar corotation radius.
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Table 3.2: Comparison of our various I -band bar length measures. All bar radii are in arcsec:
radius of maximum ellipticity (Re ), radius of position angle discontinuity (RPA ), Fourier
method (RF ), and the azimuthal method (Raz ). ‘. . . ’ denotes where a given method failed for
a given galaxy. Values for UGC 628, F563-V2, F568-1, and F568-3 are taken from Chapter 2.
Galaxy
UGC 628
LEDA 135682
LEDA 135684
LEDA 135693
UGC 2925
F563-V2
F568-1
F568-3
LEDA 135782
UGC 8066
LEDA 135867
F602-1
PGC 70352
ASK 25131
[ISI96] 2329-0204

Re
RPA
RF
11.63 ± 0.68 14.36 ± 0.68 16.96 ± 0.46
2.05 ± 0.2
2.73 ± 0.26 2.90 ± 0.23
2.87 ± 0.27 9.01 ± 0.86 6.30 ± 0.46
7.91 ± 0.76 8.70 ± 0.83 6.10 ± 0.46
11.60 ± 1.11 12.76 ± 1.22 9.10 ± 0.46
5.02 ± 0.91
...
7.96 ± 0.46
8.44 ± 0.91 10.26 ± 0.91 7.76 ± 0.46
7.75 ± 0.68 16.64 ± 0.68 13.96 ± 0.46
3.11 ± 0.3
3.77 ± 0.36 3.50 ± 0.46
6.07 ± 0.58 15.75 ± 1.50 16.50 ± 0.34
6.77 ± 0.65 8.19 ± 0.78
...
1.19 ± 0.27 2.80 ± 0.27 4.20 ± 0.34
5.28 ± 0.50 7.03 ± 0.67
...
3.28 ± 0.30 9.36 ± 0.89 8.70 ± 0.34
1.64 ± 0.16 2.64 ± 0.25
...

Raz
11.21 ± 0.92
2.05 ± 0.46
7.07 ± 0.92
5.70 ± 0.46
8.44 ± 0.92
6.65 ± 0.46
4.37 ± 0.46
8.93 ± 0.92
2.66 ± 0.68
7.07 ± 0.68
4.39 ± 0.34
4.11 ± 0.34
5.02 ± 0.68
7.76 ± 0.92
2.05 ± 0.46

We plot the four different bar length measures over the deprojected I-band image of
LEDA 135782 in Fig. 3.8. Here we see that the azimuthal bar length (blue) is the best
measure of the bar in this galaxy, as the other three extend into the spiral arms. We find that
this holds for the other galaxies in our sample (see Fig. 3.25), suggesting that the azimuthal
method is the most accurate of the four used here, consistent with our findings in Chapter 2.
With this in mind, in Fig. 3.9 we show the various measures in relation to the azimuthal
method. Here, ∆Rbar denotes the difference between either Re (red triangles), RPA (open
black squares), or RF (blue circles) and Raz . We discuss each measure in relation to Raz
below.
We find that the two bar length measures based on the behaviour of the elliptical isophotes
do not produce consistent results. Re equally over and under predicts the bar length compared
to Raz . This is because the measure can be biased towards longer values due to a very elliptical
bar or the presence of spiral arms, as well as biased towards shorter bars due to any highly
elliptical feature in the inner regions.
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Figure 3.8: The four bar length measures plotted over the deprojected I-band image of LEDA
135782: Re (green), RPA (yellow), RF (red), and Raz (blue). Here we can also see the three
spiral arm pattern.
We find that RPA almost consistently overpredicts the bar length, often quite extremely
(i.e. > 200 ). This is not too surprising, given that this measure is dependent on Re . Since
RPA can only be larger than Re , this method can only obtain an accurate measurement if Re
underpredicts the bar length.
In general, the Fourier method overpredicts the bar length compared to Raz . However,
we find better results for this full sample when compared with our results from Chapter 2.
In fact, RF appears to be a better predictor of bar length than Re or RPA when looking at
Fig. 3.9 (at least when Raz < 900 ).
The azimuthal method does not rely on prior knowledge about the size of the bar, or the
bar region. The three previous methods, however, can be biased towards shorter or longer
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Figure 3.9: Comparison of our bar length measures relative to the azimuthal method (i.e.
∆Rbar = Rmethod − Raz ): Re shown as red triangles, RPA shown as open black squares, and
RF shown as blue circles. By taking Raz as the true bar length, we find the other three
measures generally overpredict the bar length, sometimes significantly.
values depending on how they are used. For example, if there is inner structure within the
bar, the radius of maximum ellipticity (Re ) can be pushed inwards towards shorter values
(see LEDA 135684, F602-1 and ASK 25131 in Table 3.2). This can in turn bias RPA , as this
is determined via a change in P.A. relative to the value at Re . To mitigate this effect, one
can begin fitting isophotes at a larger initial radius, but this can lead to missing structure
and requires knowledge about the bar length, possibly introducing bias. Our various bar
length measures will be explored in more detail in Sec. 3.4.
In order to obtain final bar lengths, we have visually examined the bar lengths over the
deprojected I-band images for all galaxies (see Fig. 3.8, Fig. 3.25, and Chapter 2). We have
selected the best bar length from this examination and list them as the bar length in Table 3.3.
In all cases, the best bar length measure comes from our azimuthal method.
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3.3.2.2

Bar Strengths

Using Equation 3.9 and Raz as Rbar , we find bar strengths that range from 0.07 (LEDA
135682) to 0.49 (ASK 25131), with an average value of 0.25. As with Chapter 2, we examined
the Fourier amplitudes of each galaxy and decreased the starting location of the azimuthal
light profiles in order to gauge the confidence of our bar strength measure. We found that
this did not significantly change the values, suggesting that our bar strengths, while lower
limits, are accurate. We find that accounting for the higher order even modes gives a better
picture of the bar strength, as some galaxies have significant contribution from these modes.
For example, we find a bar strength of 0.25 for F568-3 here, and a bar strength of 0.19 in
Chapter 2 where we only accounted for the m = 2 mode.

3.3.2.3

Corotation Radii

We find that the majority of the bar corotation radii in our sample occur very close to the
end of the bars in our sample. This is consistent with results from HSBs (see e.g. Pérez et al.
2012; Aguerri et al. 2015; Sierra et al. 2015), and from the LSBs in Chapter 2. We address a
problem galaxy, [ISI96] 2329-0204, below.

Special Note on [ISI96] 2329-0204 Measuring a corotation radius for [ISI96] 2329-0204
proves to be quite difficult. For this galaxy, we have BVRI images, and thus create phase
profiles for all four bands (see Fig 3.24). When examining the phase intersections, we find
that the B -band behaves quite differently from the other three bands. So much so that it
does not intersect the I -band phase profile until ∼1100 . This would leave us with a relative
bar pattern speed that is ∼10, not a realistic number as this is more likely indicating the
location of a disk corotation. This deviation from the other three bands is most pronounced
at radii greater than ∼300 , near the end of the bar.
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Because this bar is quite small on the sky, we decreased the radial spacing of the azimuthal
light profiles to one pixel, or 0.22800 . This did not produce better results, and no phase
intersection between the B and I bands are observed at radii less than 1100 .
To add to this conundrum, the B band phase profile intersects the R band phase profile
at 2.800 and 300 , both at the end of the bar. Whether or not this is the radius of corotation is
not entirely clear, as the method from Puerari & Dottori (1997) needs photometric bands
separated by a large enough wavelength range. However, there has been previous work that
uses ‘bluer’ bands than I - to determine the corotation radius (see Sierra et al. 2015). With
this in mind, we will take the phase intersection between the B - and R-bands at 2.800 to be
the corotation radius of the bar, as using the phase intersections between B and I is most
likely not due to the bar.

3.3.3

Discussion of Bar Properties

Our final bar properties for the whole sample are listed in Table 3.3. Our sample has an
average bar length of 2.5 kpc. This is shorter than what is typical for HSBs. When looking
at surveys of HSBs, bars in these galaxies tend to be in the range 3 kpc ≤ Rbar ≤ 5 kpc (see
e.g. Erwin 2005; Marinova & Jogee 2007; Aguerri et al. 1998, 2009).
With the corotation radii of our sample, we can calculate the relative bar pattern speeds
for our sample, R = RCR /Rbar , also listed in Table 3.3. Bars are considered ‘fast’ rotators if
R < 1.4 and ‘slow’ rotators if R > 1.4 (Athanassoula 1992; Elmegreen et al. 1996; Debattista
& Sellwood 2000). While historically the almost unanimous result for HSBs are fast bars
(e.g. Pérez et al. 2012; Aguerri et al. 2015; Sierra et al. 2015), recent work has found an
increasing number of ‘slow’ bars (Font et al. 2017; Guo et al. 2019). The results for dark
matter dominated galaxies, LSBs specifically, are much more unclear due to the lack of
pattern speed measurements.
Centrally dense, nonrotating, dark matter halos are expected to dynamically slow down
bars over time (Weinberg 1985; Debattista & Sellwood 2000). Indeed, very slow bars in dark
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Table 3.3: Final bar properties of the whole sample. Bar lengths are in arcsec (Rbar ) and kpc
0
0
(Rbar ), and corotation radii are in arcsec (RCR ) and kpc (RC ), relative bar pattern speeds
(R), and lower limits on bar strength (Sb ) are unitless. Lengths in kpc assume the distances
in Table 3.1.
Galaxy
UGC 628
LEDA 135682
LEDA 135684
LEDA 135693
UGC 2925
F563-V2
F568-1
F568-3
LEDA 135782
UGC 8066
LEDA 135867
F602-1
PGC 70352
ASK 25131
[ISI96] 2329-0204

Rbar
(arcsec)
11.21 ± 0.92
2.05 ± 0.46
7.07 ± 0.92
5.70 ± 0.46
8.44 ± 0.92
6.65 ± 0.46
4.37 ± 0.46
8.93 ± 0.46
2.66 ± 0.68
7.07 ± 0.68
4.39 ± 0.34
4.11 ± 0.34
5.02 ± 0.68
7.76 ± 0.92
2.05 ± 0.46

0

Rbar
(kpc)
4.67 ± 0.38
1.04 ± 0.23
1.57 ± 0.20
4.25 ± 0.69
2.34 ± 0.26
1.95 ± 0.13
1.94 ± 0.20
3.61 ± 0.37
2.69 ± 0.69
1.39 ± 0.13
2.53 ± 0.20
2.09 ± 0.17
1.79 ± 0.24
4.02 ± 0.47
...

RCR
(arcsec)
13.96 ± 0.46
2.70 ± 0.34
7.90 ± 0.46
7.30 ± 0.46
12.50 ± 0.46
15.86 ± 0.46
5.86 ± 0.46
10.06 ± 0.46
2.80 ± 0.34
7.50 ± 0.34
5.40 ± 0.34
5.30 ± 0.34
6.60 ± 0.46
10.60 ± 0.46
2.80 ± 0.28

0

RCR
(kpc)
5.81 ± 0.19
1.36 ± 0.17
1.75 ± 0.10
5.45 ± 0.34
3.47 ± 0.13
4.64 ± 0.13
2.61 ± 0.20
4.07 ± 0.19
2.83 ± 0.34
1.47 ± 0.07
3.11 ± 0.20
2.70 ± 0.17
2.35 ± 0.16
5.49 ± 0.24
...

R
1.25
1.32
1.12
1.28
1.48
2.38
1.34
1.13
1.05
1.06
1.23
1.29
1.32
1.37
1.37

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

Sb
0.11
0.34
0.16
0.22
0.17
0.18
0.18
0.13
0.30
0.11
0.12
0.14
0.20
0.17
0.34

0.30
0.07
0.30
0.36
0.18
0.28
0.13
0.25
0.11
0.38
0.37
0.21
0.13
0.49
0.18

matter dominated galaxies have been reported in the literature (Bureau et al. 1999; Chemin
& Hernandez 2009; Banerjee et al. 2013). In order to examine possible trends between R
and galaxy properties, Guo et al. (2019) used a sample of 53 barred galaxies and found a
significant number of very slow bars. Interestingly, they found no correlation between a very
slow bar and dark matter content. Our previous results in Chapter 2 indicated that three
out of the four galaxies we analyzed were hosts to fast bars. Here we find that 13 out of the
15 galaxies in this work are hosts to fast bars.
Notably, only one galaxy in our sample has a very slow bar (i.e. R > 2), F563-V2,
and one galaxy, UGC 2925, has a slow bar that is comparable to previous results on HSBs
(Aguerri et al. 1998; Sierra et al. 2015; Font et al. 2017; Guo et al. 2019). The remainder of
the bars in our sample are fast. While this may seem to indicate that the bars in our sample
have not been slowed down, dark matter halos are not static and can have significant angular
momentum, arising from tidal exchanges during the formation of the galaxy (see Peebles
1969). This in turn means that the angular momentum exchange between the disk and the
halo can be mitigated, sometimes significantly (Long et al. 2014). Thus, halos cannot serve as
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a pure angular momentum sink, and the angular momentum of the halo, often characterized
by the halo spin parameter λ, can dictate important aspects of a bar.
For example, Fujii et al. (2019) found that for high λ halos, bars actually speed up, while
also becoming shorter and weaker. This is especially of note, as LSB disks are expected to
form in high λ halos (e.g. Dalcanton et al. 1997; Jimenez et al. 1998; Kim & Lee 2013). Thus,
without knowing λ, we cannot truly make a definitive statement on the implications of our
relative bar pattern speeds.
We show R versus bar strength in Fig. 3.10, including the HSBs from Aguerri et al. (1998),
as this work uses the same measure as used here for corotation radius and bar strength.
This is an updated plot of Fig. 2.36 from Chapter 2. Here we also show the fit to both
LSBs and HSBs, excluding the outlier of F563-V2 (the point far above the rest) and find
R = 1.23 + 0.14Sb with a scatter of 0.13. This is close to identical to the relation from
Chapter 2, with a near identical scatter, and is consistent with the lack of relation found
by Guo et al. (2019). Our relation is plotted in Fig. 3.10 as the solid line, with the shaded
region indicating the scatter.
When looking at Fig. 3.10, we find that LSBs and HSBs form a continuum, with the
LSBs clustered on the weaker strength end (average ∼ 0.25) transitioning into the stronger
HSBs (0.37 for the HSBs shown here). This also then translates to surface brightness, with
bars being fast rotators across all surface brightnesses.
As both the strength and relative bar pattern speed are dependent on the bar length,
it is crucial that this property be measured as accurately as possible. For this reason, we
have employed the four different measurement techniques here and have found that our Raz
method performs the best for all the galaxies in our sample. However, in order to be as
confident in this method as possible, we have tested the four methods used here on simulated
galaxy images consisting of a disk and bar. This is therefore an idealized case for each method,
as no spiral arms or disk features can affect the measurement. We spend the entirety of the
next section discussing this process. Because the azimuthal bar length performs so well on
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Figure 3.10: Relative bar pattern speed (R = RCR /Rbar ) as a function of bar strength (Sb )
for our sample (red triangles) and HSBs from Aguerri et al. (1998) (open circles). The solid
line indicates the fit to the HSBs and LSBs, excluding the outlier discussed in the text:
R = 1.23 + 0.14Sb . The shaded region shows the scatter in the relation: σ = 0.13. The
horizontal dashed line is the separator between fast and slow bars (i.e. R = 1.4).
our data, we expect this method to perform just as well on the simulated images. However,
the lack of spiral arms or disk features could affect the accuracy of the other three methods
as well.

3.4

Analysis of Mock Galaxy Images

In order to determine how well we can determine the bar properties of our galaxies, we
constructed fake galaxy images with randomised structural and photometric parameters.
We used observational parameters similar to those of our observed sample and those of the
ARCTIC imager in order to compare with our observations. We broadly follow the procedure
in Aguerri et al. (2009).
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3.4.1

Creating the Images

For each galaxy, we assume two components: an exponential disk and a Ferrers bar (see
Laurikainen et al. 2005). We do not consider a bulge component since LSBs do not typically
have a bulge (Pahwa & Saha 2018), and because our sample lacks significant bulges. In
addition, we do not include spiral arms in our images in order to provide an ideal scenario
for each bar length fitting method. The intensity profile of an exponential disk is given by

I(r) = I0 e−r/h ,

(3.11)

where I0 is the central disk intensity and h is the disk scale length. The intensity profile of a
Ferrers bar is given by

I(r) = I0 1 −

r

2 !nbar +0.5
,

rbar

(3.12)

where I0 is the central bar intensity, rbar is the length of the bar, and nbar is the bar shape
parameter. The intensity is defined to be zero for r > rbar . The radial coordinate is given by

r = |x|c +

y
1 − bar

c 1/c

,

(3.13)

where bar is the ellipticity of the bar, and c is a parameter that controls the shape of the bar
isophotes (Athanassoula et al. 1990). Pure elliptical isophotes have c = 2, boxy isophotes
have c > 2, and disky isophotes have c < 2.
In order to construct observationally accurate galaxies for our purposes, we selected galaxy
properties that match the general LSB population, with bar values similar to our results
from Chapter 2 and from Sec. 3.3.2. We begin by randomly assigning a disk central surface
brightness
22.5 < µ0,B < 24
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(3.14)

and bar central surface brightness

22.0 < µ0,B < 23.0

(3.15)

with the condition that the central bar surface brightness may not exceed the disk central
surface brightness by more than 1 magnitude. This condition was chosen in order to closely
match the photometric properties of our sample (see Sec. 3.5). We then convert these to
intensity values via
I = tp2 10(Z−µ)/2.5 ,

(3.16)

where t is the exposure time, p is the plate scale of the detector, and Z is the photometric
zeropoint. We used values that matched our observations to obtain images similar to our
observed galaxies: t = 600 sec., p = 0.228 arcsec pix−1 , and ZB = 25. In order to produce
images similar to our observations, we select distances

70 Mpc < D < 200 Mpc.

(3.17)

For the other parameters, such as bar ellipticity and disk inclination, we broadly follow
the methods laid out in Aguerri et al. (2009). For the bar length, we select from a range
representative of our results in Sec. 3.3.2. We also force the bar length to be shorter than the
disk scale length in order to prevent constructing very unrealistic galaxies (i.e. a bar length
of 1500 and a disk scale length of 300 is not considered realistic).
After the galaxy images were created, we added noise to each pixel in order to closely
match our observations. The gain and read-out noise of ARCTIC are 1.98 e− ADU−1 and
3.8 e−1 respectively. Sky noise was added in assuming a 600 sec. exposure in B. Finally, to
account for seeing, we convolved the images with a 2D Moffat PSF
β−1
P SF (r) =
πα2
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−β
r2
1+
,
α

(3.18)

√
where α = FWHM/(2 21/β − 1) is the seeing parameter, and β is typically taken to be ∼3.5
(see Trujillo et al. 2001). To test a wide range of observations, we randomly select our seeing
to be between 0.800 and 200 , consistent with the average seeing values of our observations
(Table 3.1).
Examples of the images we created are shown in Fig. 3.11. These images were randomly
selected, and are representative of the types of galaxy images we have created. In total we
have created 200 images. Histograms of bar lengths, ellipticity, and seeing are shown in
Fig. 3.12. Here we can see that we are sampling a large range of bar lengths, but that we have
a large oversampling of shorter bar lengths. This is because the bar lengths in our sample are
quite short (Sec. 3.3.2) and we are hoping to gauge how well the various methods work for our
sample. We see that we are sampling a large range of bar ellipticities, ∼ 0.2 ≤ bar ≤∼ 0.8.
The two peaks in the seeing histogram arise from the distributions around ‘good’ and ‘bad’
seeing, which we have defined here to be ∼100 and ∼1.800 respectively.

3.4.2

Measurements of Mock Images

To maintain consistency, we follow the same reduction process as our real observations. We
determine the sky value by using the box method of Schombert & McGaugh (2014) and use
ELLIPSE and GEOTRAN to deproject our images. We then use our four methods described in
Sec. 3.3.1 to determine the bar length.
As opposed to our real galaxies (see Sec. 3.3.2), we do not have concerns over spiral
arms influencing our isophotal bar length measures, as we have explicitly not included them.
Therefore, we have an ideal scenario for each measurement technique.
Due to the large number of images tested (200), we automated the azimuthal light profile
measurement by standardizing each set of profiles. We did this by finding the azimuthal
centroid of the bar, usually located at the maximum value of the profile. We then adjusted
the entire set of profiles so that the bar centroid is aligned with either 90◦ or 270◦ , depending
on which is closest to the centroid. It is then assumed that the two humps in the azimuthal
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Figure 3.11: Examples of the mock images showcasing various sized bars and disks. Each
image is 200×200 pixels (45.600 ×45.600 ) and is scaled the same way.
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Figure 3.12: Histograms of bar length (top left), ellipticity (top right), and seeing (bottom
left) for our mock images.
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light profiles will remain at 90◦ and 270◦ . As there are no spiral arms in our images, we
instead use the relative intensity of the bar hump to the disk to determine where the bar
ends.

3.4.3

Results of Measurements

We show the comparison between the true and measured bar length for our mock images in
Fig. 3.13: R (top left), RP.A. (top right), Raz (bottom left), and RF (bottom right). Blue
points denote those images with less than 100 seeing, and red points denote images with
greater than 100 seeing. In each of these subfigures the solid line denotes unity, and the dashed
lines are fits to the blue points (i.e. those with good seeing). It is clear from Fig. 3.13 that
the seeing in each image greatly increases the scatter of the measurement.
We find that the radius of maximum ellipticity (top left panel) does a poor job of measuring
the bar length, often measuring a length 50% shorter than the true length. This is an expected
result, especially for Ferrers bars (Michel-Dansac & Wozniak 2006; Aguerri et al. 2009). The
fit for this measure is Re = 0.44Rbar + 0.49. Even though RP.A. (top right panel) depends
on Re , we find that it does an excellent job of finding the bar length, only really failing
at larger radii (i.e. r > 500 ). The fit for this measure is RP.A. = 0.82Rbar + 0.59. Our bar
length measure using the azimuthal light profiles (bottom left), Raz , performs the best out of
the four methods tested, albeit only slightly better than RP.A . The fit for this measure is
Raz = 0.85Rbar + 0.80. Lastly, we find that RF under predicts the bar length, contrary to our
results using real data (see UGC 628 and F568-1 in Chapter 2 and LEDA 135682 in Fig. 3.1,
for example) and previous works (Aguerri et al. 2009), suggesting that spiral arms can heavily
bias this method to longer bar lengths. The fit for this measure is RF = 0.63Rbar + 0.46.
Based on this modeling, we find that the bar length measure based on the behaviour of
the azimuthal light profiles to be the best measure out of the four used here. While RP.A.
almost performs as well, the dependence on R for this measure is concerning, and can result
in wrong measurements. That RP.A performs so much better here than with our real data is
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surprising, although this could simply be that R underpredicts the bar length so significantly
here. In addition, the change in P.A. used here is simply following what has been used
before (i.e. from Aguerri et al. 2009). Contrary to this, there is strong motivation for the
azimuthal method, as it traces the location of the bar and any spiral arms in the galaxy,
only being limited by the resolution and seeing. We do, however, note the large amount of
scatter at smaller bar lengths for Raz . In addition, we see that this technique fails to find an
accurate bar length for three bars, seen as the wildly inaccurate points in the bottom left
panel of Fig. 3.13. When examining these images, we found that these failures were caused
by a combination of factors. First, all three images contain bars and disks that have central
surface brightnesses within ∼0.4 mag arcsec−2 of each other, making it somewhat hard to
distinguish the two components in the azimuthal light profiles. Second, the position angles of
the bars and disks are all within ∼5◦ of each other, which causes the bar to become slightly
lost in the inclined disk. Finally, two of the failures have poor seeing, which further amplifies
the issues caused by the first two points.
This suggests that our bar properties reported in Sec. 3.3.2 are accurate. More importantly,
this means that the bars in our LSBs are indeed fast (but see Sec. 3.7).

3.5

Photometry

In this section, we detail our methods for measuring the photometry, and present our results.
The surface brightness profiles, magnitudes, and colors for the 11 targets not in Chapter 2
are new measurements, as to the best of our knowledge no such measurements have been
previously published.

3.5.1

Methods

Here we detail how we construct surface brightness profiles, as well as obtaining total
magnitudes and colors.
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Figure 3.13: Our four bar length measures when applied to fake galaxy images: Re (top left),
RPA (top right), Raz (bottom left), and RF (bottom right). Images with seeing less than 100
are shown as blue points, and images with seeing greater than 100 are shown as red points.
The dashed lines in each panel show the linear fits to the blue points.
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3.5.1.1

Surface Brightness Profiles

We first obtain intensity profiles (I(r)) of our galaxies using the IRAF routine ELLIPSE. This
method of constructing surface brightness profiles for LSBs has been used succesfully in the
literature (e.g. Wittmann et al. 2017). We then convert these to surface brightness values via:

µ(r) = −2.5 log

I(r)
t p2


+ Zp ,

(3.19)

where t is the exposure time in seconds, p is the plate scale of the instrument, and Zp is the
photometric zeropoint of the observation (Sec. 3.2.2). We then fit for the central surface
brightness (µ0 ) and disk scale length (h), starting beyond the bar region, r > Rbar (see
Sec. 3.3.2).
In order to correct for the likely low internal dust extinction in our galaxies (e.g. Bothun
et al. 1997; Matthews & Wood 2001; Wyder et al. 2009; Hinz et al. 2007; Honey et al. 2016),
we assume the disks are optically thin slabs. The correction for this assumption is simply:

µ0 = µf0 − 2.5 log (a/b)

(3.20)

where µ0 is the observed central surface brightness, µf0 is the face-on central surface brightness,
and a and b are the semi-major and -minor axes respectively (Table 3.1). This correction
increases with the inclination, making magnitudes brighter for highly inclined disks.

3.5.1.2

Magnitudes

Due to the faint nature of LSBs, using a typical m25 magnitude is not an adequate measure
of the total luminosity. Instead, we follow de Blok et al. (1995) and use the total magnitude,
mT , of the disk, found via
mT = µ0 − 2.5 log (2πh2 ) − 2.5 log (cos i)
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(3.21)

where i is the inclination of the disk (Table 3.1). Integrating out to infinity involves
extrapolating the disk scale length, which can introduce error. To counter this, de Blok et al.
(1995) also use another magnitude measure, mapt , which takes the entire data of the galaxy
disk into account. As their data probe down to ∼28 mag arcsec−2 in B, almost all the light
of the galaxy is being probed. Our observations are not quite as deep, down to ∼26 mag
arcsec−2 in B for most targets, so we do not use mapt here.
3.5.1.3

Colors

Color profiles were obtained by subtracting the B- and I-band surface brightness profiles
from each other.
We obtain three different total colors for each galaxy:
1. a bar color consisting of the average color within the bar region (r < Rbar )
2. a disk color consisting of the average color outside the bar region (r > Rbar )
3. an area-weighted color within the 25.5 B-mag arcsec−2 isophote (e.g. McGaugh &
Bothun 1994; de Blok et al. 1995) (r < R25.5 )
We measure these three colors in the same manner. First, we create a (B − I) color
map for each galaxy by rebinning each image by a factor of 2 to reduce the noise, and
subtracting the new I-band image from the B-band image after converting the units of the
image from intensity to surface brightness, obtaining a color in each pixel (see de Blok et al.
1995; Schombert et al. 2011). We finally obtain colors by taking the mean value in each of
the defined regions, rejecting divergent pixels and those with large errors.

3.5.2

Results

We list central surface brightnesses, magnitudes, disk scale lengths and other information
for our whole sample in Table 3.4. All surface brightnesses and magnitudes reported are
corrected for Galactic extinction using Aλ values from Schlafly & Finkbeiner (2011), also
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listed in Table 3.4. Data for F563-V2, F568-1, and F568-3 are taken from McGaugh & Bothun
(1994) and de Blok et al. (1995). Although LSBs are thought to have low dust content, we
correct for any internal dust by assuming the disks are optically thin slabs (see Sec. 3.5.1.1).
With the exception of UGC 628, F563-V2, F568-1, and F568-3, the surface brightness
profiles, magnitudes, and colors are all new. In addition, this is one of the few samples of
exclusively barred LSB photometry.

3.5.2.1

Surface Brightness Profiles

Our B - and I -band surface brightness profiles and (B − I) color profiles are shown in Fig. 3.14.
We do not have photometrically calibrated ARCTIC data for F563-V2, F568-1, or F568-3.
The majority of our galaxies exhibit very nearly Freeman Type I profiles (Freeman 1970), or
pure exponential disks. For some galaxies, the bar is not noticeable in these surface brightness
profiles, LEDA 135782 or PGC 70352 for example. For others, it very clearly dominates the
inner light profile, as in the case of LEDA 135693 or [ISI96] 2329-0204.
The mean B-band and I-band central surface brightnesses are 22.39 and 20.28 mag
arcsec−2 respectively, consistent with the findings in Zhong et al. (2008), who looked at
roughly 12000 LSBs from the SDSS catalog. We find a mean B -band disk scale length of 3.68
kpc and a mean I -band disk scale length of 2.03 kpc. We find no correlation between scale
length and central surface brightness, consistent with previous works (McGaugh & Bothun
1994; de Blok et al. 1995; Zhong et al. 2008; Pahwa & Saha 2018), as shown in the top panel
of Fig. 3.15. Here, black points are our data, blue squares are from de Blok et al. (1995), and
red triangles are from McGaugh & Bothun (1994), both of which use comparable methods
for both barred and unbarred LSBs. We can see that roughly one dex in scale length spans
roughly 4 mag in central surface brightness.
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Table 3.4: B - and I -band central surface brightness (µ0 ), disk scale lengths in arcsec (h)
0
and kpc (h ), and total apparent magnitudes (mT ) and absolute magnitudes (MT ) for our
LSBs. Data for F568-1, and F568-3 are taken from de Blok et al. (1995). Data for F563-V2
are taken from McGaugh & Bothun (1994) (no I -band photometry available). Central
surface brightness and magnitudes are corrected using the Aλ values in Column 8 (Schlafly &
Finkbeiner 2011). As a reminder, there is no distance available for [ISI96] 2329-0204. Other
distance-dependent values use the distances listed in Table 3.1.
Galaxy
UGC 628
LEDA 135682
LEDA 135684
LEDA 135693
UGC 2925
F563-V2
F568-1
F568-3
LEDA 135782
UGC 8066
LEDA 135867
F602-1
PGC 70352
ASK 25131
[ISI96] 2329-0204

Band
B
I
B
I
B
I
B
I
B
I
B
I
B
I
B
I
B
I
B
I
B
I
B
I
B
I
B
I
B
I

µ0
(mag arcsec−2 )
22.36
20.15
22.31
20.97
22.37
21.58
21.42
20.17
20.71
18.75
21.95
...
23.65
22.32
22.79
21.04
22.22
20.41
23.34
21.83
22.38
21.07
22.47
20.92
21.58
20.18
23.09
21.16
23.14
21.62
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h
(arcsec)
13.87
8.33
10.09
7.27
10.61
9.58
6.30
5.72
10.18
8.99
7
...
12.86
12.17
10.76
8.37
4.58
3.35
14.04
11.34
4.92
4.15
11.87
9.66
7.64
6.64
9.14
6.49
9.38
9.04

0

h
(kpc)
5.78
3.47
5.10
3.67
2.13
1.40
4.70
4.27
2.83
2.50
2.05
...
5.72
5.41
4.35
3.38
4.63
3.38
2.76
2.23
2.84
2.39
4.92
4.65
2.72
2.37
4.74
3.36
...
...

mT
(mag)
15.35
14.25
15.49
14.86
15.61
15.05
15.51
14.47
13.86
12.19
15.87
...
16.23
15.02
15.91
14.70
17.16
16.01
16.10
15.07
17.19
16.24
15.24
14.14
15.33
14.24
16.55
15.36
16.48
15.02

MT
Aλ
(mag) (mag)
-19.32 0.158
-20.42 0.065
-19.60 0.380
-20.23 0.158
-17.69 0.344
-18.25 0.143
-20.43 1.086
-21.47 0.451
-19.93 1.781
-21.60 0.739
-18.18
...
...
...
-18.58
...
-19.79
...
-18.70
...
-19.91
...
-19.43 0.094
-20.58 0.039
-16.94 0.063
-17.97 0.026
-18.19 0.179
-19.14 0.074
-19.87 0.169
-20.97 0.070
-19.00 0.261
-20.09 0.108
-18.59 0.135
-19.78 0.056
...
0.162
...
0.067

Figure 3.14: B -band (blue triangles) and I -band (red squares) surface brightness profiles
(top panels), and (B − I) radial color profiles (bottom panels). The vertical dashed lines
indicate the bar length from Table 3.3.
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Figure 3.14: continued

3.5.2.2

Magnitudes

The mean absolute B-band and I-band magnitudes are −18.89 and −20.01 respectively. We
find a relation between absolute magnitude and disk scale length, shown as the longer dashed
line in the bottom panel of Fig. 3.15. The relation is given by log h = −0.09MB − 1.44, with
a scatter of σ = 0.13 (shown as the shaded gray region in Fig. 3.15). This is slightly shallower
than the relation for the general LSB population in Zhong et al. (2008). We also fit for the
unbarred LSBs in Fig. 3.15 from McGaugh & Bothun (1994) and de Blok et al. (1995) and
found the relation log h = −0.17MB − 2.45, shown as the shorter dashed line, indicating a
significantly different slope between the two LSB populations.
In the Fig. 3.16 we show a comparison of the B -band central surface brightness (µ0 (B))
and absolute magnitude (MBT ) for our barred sample (black circles) with the unbarred LSBs
in McGaugh & Bothun (1994) (red triangles) and de Blok et al. (1995) (blue squares). We
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Figure 3.15: Comparison of our disk scale length (kpc) and B-band central surface brightness
(µ0 (B)) and absolute B-band magnitude (MTB ): our data (black circles), McGaugh & Bothun
(1994) (red triangles), and de Blok et al. (1995) (blue squares). The galaxies plotted here
from McGaugh & Bothun (1994) and de Blok et al. (1995) are unbarred. The long dash line
in the bottom panel shows the fit log h = −0.09MB − 1.44. The gray shaded region denotes
a scatter of σ = 0.13 about the fit. The short dashed line shows the fit to the unbarred LSBs
from the red and blue points.
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Figure 3.16: Comparison of B -band central surface brightnesses (µ0 (B)) and absolute
magnitudes (MTB ): same color scheme as in Fig. 3.15.
find that our barred LSBs are noticeably brighter than their unbarred counterparts, extending
off of the trend of the unbarred LSBs.

3.5.2.3

Colors

Here we discuss our radial color profiles, three different total color measures, and our color
maps.
Radial Profiles We show the radial (B − I) profiles in the bottom panels of Fig. 3.14. We
can see that our galaxies are rather blue, with (B − I) values of roughly 1 in the disk region
outside the bar. In addition, we find that most color profiles are more red and constant
within the bar region, consistent with a primarily stellar feature. All show a clear trend
towards bluer values with increasing radius, as expected for LSBs (de Blok et al. 1995).
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Table 3.5: Bar, disk, and area (B − I) colors. Data for F563-V2 are taken from McGaugh &
Bothun (1994), and data for F568-1 and F568-3 are taken from de Blok et al. (1995) and
McGaugh & de Blok (1997). Average colors are listed at the bottom of the table.
Galaxy
UGC 628
LEDA 135682
LEDA 135684
LEDA 135693
UGC 2925
F563-V2
F568-1
F568-3
LEDA 135782
UGC 8066
LEDA 135867
F602-1
PGC 70352
ASK 25131
[ISI96] 2329-0204
averages

bar
1.49
1.61
0.93
1.52
1.94
1.64
1.57
1.58
1.61
1.52
1.46
1.57
1.57
1.53
1.64
1.54±0.20

disk
0.98
0.54
0.45
0.86
1.53
...
...
...
1.05
1.04
0.87
1.13
1.03
1.20
1.41
1.01±0.30

area
1.08
0.55
0.49
0.90
1.55
1.57
1.32
1.29
1.09
1.06
0.96
1.14
1.05
1.24
1.42
1.11±0.30

Total Colors Our three total color measures (see Sec 3.5.1.3) are shown in Table 3.5. Color
data for F563-V2 are taken from McGaugh & Bothun (1994) and data for F568-1 and F568-3
are taken from de Blok et al. (1995) and McGaugh & de Blok (1997) respectively. Average
colors are also listed at the bottom of the table.
We find our bar colors (average value of 1.54±0.20) are comparable to the nuclear colors
found in McGaugh & Bothun (1994) (average value of 1.52) and de Blok et al. (1995) (average
value of 1.47). In these works, the nuclear region was defined to be the color within a 500
aperture for all galaxies. Here, our bar color is the color within the bar region for each galaxy,
which is dependent on each individual galaxy.
Our disk colors are noticeably bluer than the bar colors, with an average value of 1.01±0.30.
We find that our area color is often very close to the value of the disk color, with an average
value of 1.11±0.30. Since the bars in our sample are quite small, it is not surprising that the
area colors are heavily weighted towards the larger area of the bluer disk.
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Color Maps We show the (B − I) maps of the galaxies in our sample with calibrated
photometry used to determine the total colors in Sec. 3.5.2.3 in Fig. 3.17. Here, we use a
color bar ranging 0 < (B − I) < 2 (with the exception of UGC 2925). Spiral arms are present
in these maps as the slightly bluer (whiter) band in some of our maps (LEDA 135693 and
F602-1, for example). In addition, a few galaxies show HII regions as white blobs in spiral
arms (PGC 70352 and [ISI96]2329-0204, for example). The bars in our galaxies are clear as
the redder (darker) regions in the centers of the maps.
All of our galaxies show a stark contrast between the bar and disk regions, with an almost
immediate shift from redder colors to much bluer, consistent with our radial color plots and
total colors. For those galaxies with more tenuous disk structure (LEDA 135867 or ASK
25131, for example), the color maps are not as clear or defined, quickly getting lost in the
noise.
Interestingly, some galaxies show bluer regions within the bar: notably F602-1, ASK
25131, and PGC 70352. This is not a result of the images being misaligned when combining,
but instead a real feature. When examining the B- and I-band images individually (Fig. 3.1),
it is noticeable that the bar in the B-band is noticeably different than in the I-band for these
galaxies. Most noticeable is F602-1, which has a very narrow bar in B compared with I.

3.6

Gas Fraction

We have shown that bars in LSBs are characteristically shorter and weaker than those in
HSBs (Sec. 3.3.3). It is thought that high gas content in galaxies prohibits bar formation,
as well as forms shorter and weaker bars (e.g. Mayer & Wadsley 2004; Cervantes Sodi &
Sánchez Garcı́a 2017). Therefore, we wish to examine the gas fractions of the galaxies in our
sample in order to see if this explains the short and weak nature of the bars found.
To obtain gas fractions of our sample, we require estimates of both the gas and stellar
mass. We use the HyperLeda online database4 (Makarov et al. 2014) to obtain 21cm HI
4

http://leda.univ-lyon1.fr/

119

Figure 3.17: (B − I) maps of our barred LSBs, created from 2x2 rebinned B- and I-band
images. North is up, and east is to the left in all maps, and each map is 0.840 ×0.840 . The
two black dots in the map for PGC 70352 (bottom left) are two very bright stars in the
I-band image that were not masked out to prevent distorting the bar. All maps use the same
colorbar, with the exception of UGC 2925.
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fluxes (FHI ). Out of our whole sample, ten galaxies have published HI magnitudes, or m21 ,
which we convert into fluxes. We then convert these fluxes to HI masses via the relation from
Haynes & Giovanelli (1984):

MHI = 2.36 × 105 D2 FHI (M ),

(3.22)

where D is the distance in Mpc (Table 3.1). Although LSBs are thought to generally contain
very little molecular gas (Mihos et al. 1999), we obtain the gas mass by Mgas = 1.4MHI .
With our I-band magnitudes and (B − I) colors it is possible to obtain a stellar mass via
a mass-to-light ratio, which requires using stellar population models. We first use our I-band
absolute magnitudes (Table 3.4) to determine the I-band luminosity for each galaxy. We
then use the (B − I) area color (Table 3.5) to obtain an I-band stellar mass-to-light ratio
using the appropriate equation from Into & Portinari (2013):

log ΥI∗ = −0.997 + 0.641(B − I)

(3.23)

Because we do not have an I-band absolute magnitude for F563-V2, we take the apparent
magnitude from HyperLeda, and use the distance reported in Table 3.1. Finally, we obtain
gas fractions via
fgas =

Mgas
Mgas + M∗

(3.24)

In Table 3.6 we report the HI fluxes (FHI ), HI masses (log MHI ), I-band luminosity (log LI ),
stellar mass-to-light ratios (ΥI∗ ), stellar masses (log M∗ ) for our sample, and gas fractions
(fgas ).
The mean HI mass for our galaxies is log (MHI /M ) = 9.64 ± 0.25, consistent with the
total LSB spiral population in Honey et al. (2018). The mean stellar mass for our galaxies is
log (M∗ ) = 9.29 ± 0.60. We find that the majority of our galaxies are gas rich (fgas > 0.5),
with only one galaxy being gas poor, UGC 2925. Specifically, the majority of our sample
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Table 3.6: Gas fractions for those galaxies in our sample with available HI magnitudes. HI
flux (FHI ), HI mass (log MHI ), I-band luminosity (log LI ), I-band mass-to-light ratio (ΥI∗ ),
stellar mass (log M∗ ), and gas fraction (fgas = Mgas /(Mgas + M∗ )).
Galaxy
UGC 628
LEDA 135684
UGC 2925
F563-V2
F568-1
F568-3
LEDA 135782
UGC 8066
F602-1
PGC 70352

FHI
(Jy km/s)
4.37
7.52
4.66
3.57
1.91
2.31
1.45
4.06
1.94
3.38

log MHI
(M )
9.88
9.57
9.56
9.49
9.58
9.58
10.17
9.20
9.70
9.63

log LI
(L )
9.81
8.94
10.28
8.75
9.56
9.60
9.87
8.83
10.03
9.68

ΥI∗
0.50
0.21
1.01
1.02
0.71
0.68
0.50
0.54
0.54
0.47

log M∗
(M )
9.51
8.26
10.28
8.76
9.41
9.43
9.57
8.56
9.76
9.36

fgas
0.77
0.97
0.21
0.88
0.67
0.66
0.85
0.86
0.55
0.72

have fgas > 0.65. This is consistent with barred LSBs (Pahwa & Saha 2018) and LSBs in
general (de Blok et al. 1996).
In Fig. 3.18 we show log (MHI /M∗ ) as a function of log (M∗ ). The solid line is the fit
log (MHI /M∗ ) = −0.81 log(M∗ ) + 7.88, slightly steeper than the relation for general LSB
spirals in Honey et al. (2018), log MHI /M∗ = −0.71 log M∗ + 7 (the dashed line in Fig. 3.18).
The scatter about our relation, σ = 0.22, is shown as the shaded region in Fig. 3.18.

3.7

Discussion and Conclusions

We have measured the photometric bar properties (length, strength, and corotation radius)
of fifteen barred LSB disk galaxies assembled from Schombert et al. (1992) and Impey et al.
(1996) using optical B- and I-band photometry. We have found that bars in LSBs are shorter
and weaker than those in HSBs, consistent with numerical simulations. Our mean bar length
and strength are 2.5 kpc and 0.19 respectively. In order to determine the best measure of the
bar length, we have created and analyzed fake galaxy images consisting of an exponential
disk and a bar. We have found that our azimuthal bar length technique performs best out
of the four tested here, and that the RP.A. measure, while dependent on the inaccurate R
measure, also does an excellent job at measuring the bar length.
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Figure 3.18: log (MHI /M∗ ) vs log (M∗ ). The solid line denotes the fit log (MHI /M∗ ) =
−0.81 log(M∗ ) + 7.88, and the shaded region denotes the scatter of 0.22. The dashed line
shows the fit to general LSB spirals from Honey et al. (2018), log MHI /M∗ = −0.71 log M∗ + 7.
Interestingly, we find that the corotation radius of the bar falls very close to the end of the
bar for our sample, implying that bars in LSBs are fast rotators. In addition, the only very
slow bar is located in the only galaxy without any clear spiral structure, F563-V2. Recent
mergers are thought to decrease the bar pattern speed (Gerin et al. 1990), but LSBs are
known to be more isolated than HSBs (Bothun et al. 1993; Mo et al. 1994; Rosenbaum &
Bomans 2004; Du et al. 2015; Honey et al. 2018). In addition, there are no known companions
to F563-V2.
As discussed in Chapter 2, the dark matter halos should dynamically slow down any
bar that may be present (Weinberg 1985; Debattista & Sellwood 2000), although this only
applies to nonrotating halos (see Sec. 3.3.3 why this is likely not the case for LSBs). While
there have been reports of slow bars found in dark matter dominated objects (see Bureau et
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al. 1999; Chemin & Hernandez 2009; Banerjee et al. 2013), our results imply that bars in
LSBs are generally fast. The reason for this remains unclear, and requires further detailed
spectroscopic analysis in order to obtain bar pattern speeds. However, the faint nature and
rough disks of LSBs makes application of the only direct bar pattern speed measurement
(Tremaine & Weinberg 1984) prohibatively difficult.
In addition, it is possible that R can give misleading information regarding the actual
rotational speed of the bar. Font et al. (2017) found that by examining the bar pattern
speeds (Ωb ) of a large sample of galaxies, some bars that were considered fast (i.e. R < 1.4)
were actually some of the slowest rotators. In order to determine this, they examined the
‘normalised’ bar pattern speed which they defined as Γ = Ωb /Ωd with Ωd being the disk
pattern speed. By setting a deliminator of Γ = 2 as a means of separating fast and slow
rotators, they found that bars with R < 1.4 could have Γ < 2, meaning the bar rotates at a
comparable rate to the disk. Because of this, the authors conclude that bars have indeed
been slowed down due to the dark matter halos, despite the prevalance of bars with R < 1.4,
and suggest Γ as a better means of separating fast and slow rotators.
The galaxies in our sample have only been shallowly observed before. We have therefore
presented B- and I-band surface brightness profiles, magnitudes, and colors of our sample.
We have found that barred LSBs are brighter than unbarred LSBs, and fall on a shallower
log h vs MB relation. The disk scale lengths of our sample are identical to those of unbarred
LSBs. Our sample is also quite blue, having a mean (B − I) area color of 1.11, while the
bar region is significantly redder, with a mean color of 1.54. Due to the small bars in our
galaxies, it is not surprising that our area colors are heavily weighted towards the bluer disk.
Finally, we have used available 21cm HI fluxes to determine the HI masses and population
synthesis models to get stellar masses of our sample and found our galaxies to be quite gas
rich. Our sample falls on the same log (MHI /M∗ ) vs log (M∗ ) relation as the general LSB
spiral population. It is thought that gas rich, low luminosity galaxies with high halo spin λ
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form short and weak bars (Cervantes-Sodi et al. 2013; Cervantes Sodi 2017), consistent with
our findings here.
We list our major conclusions based on our observed sample here.
1. Bars in LSBs are shorter and weaker than those in HSBs, with an average length and
strength of 2.5 kpc and 0.19 respectively.
2. Bars in LSBs are fast rotators (R < 1.4), with the corotation radius occuring close to
the end of the bar. Barred LSBs also show multiple B- and I-band phase intersections,
possibly indicating disk corotation radii.
3. Barred LSBs are slightly brighter than unbarred LSBs, with average central surface
brightnesses of µ0 (B) = 22.39 mag arcsec−2 and µ0 (I) = 20.28 mag arcsec−2 , and
average absolute magnitudes of MB = −18.89 and MI = −20.01.
4. Barred LSBs fall on a slightly shallower log h vs. MB relation than unbarred LSBs.
5. Barred LSBs have HI masses that are nearly identical to the general spiral LSB
population, and are just as gas rich as unbarred LSBs (fgas > 0.5).
6. In order to fully probe the nature of the dark matter halos of barred LSBs, extensive
spectroscopy is required in order to obtain bar pattern speeds and halo spin parameters
(λ).
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Figure 3.19: Radial plots of ellipticity (top panels) and position angle (bottom panels) for
the remainder of our sample. The vertical lines in each panel denote the bar length measures
Re and RPA .
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Figure 3.20: Radial plots of the Fourier bar (Ib ) and interbar (Iib ) intensity ratio.
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Figure 3.21: Fourier amplitudes for the remainder of our sample.
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Figure 3.22: Azimuthal light profiles (in mag arcsec−2 ) for the remainder of our sample; the
B-band profiles are in the top panel and the I-band profiles are in the bottom panel for each
subfigure.
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Figure 3.23: Azimuthal positions of the bars in our galaxies. Dashed vertical lines in the
bottom left panels indicate the azimuthal bar length (Raz ).
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Figure 3.24: B- (blue) and I-band (violet) phase profiles for the remainder of our sample.
Note that four galaxies have additional bands: V (green) and R (red).
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Figure 3.25: Comparison of the four bar length measures plotted over the deprojected I-band
images for the remainder of our sample: R (green), RP.A. (yellow), RF (red), and Raz (blue).
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Chapter 4
The Bar Continuum Between Low Surface Brightness and High Surface
Brightness Galaxies

4.1

Introduction

In the context of galaxies forming in dark matter halos, low surface brightness galaxies (LSBs)
are thought to be the result of a high angular momentum halo (e.g. Dalcanton et al. 1997;
Jimenez et al. 1998), characterized by the spin parameter λ. Galaxies living in high λ halos
are mostly stable against disk instabilities, including bars, due to the dark matter halo being
dynamically dominant at nearly all radii (e.g. Ostriker & Peebles 1973; Efstathiou et al. 1982;
Long et al. 2014; Cervantes Sodi et al. 2015). Likewise, numerical simulations predict LSBs
to be stable against bar formation (Mihos et al. 1997; Mayer & Wadsley 2004), as well as
observational work suggesting high gas content in galaxies suppresses bar formation (Masters
et al. 2012).
However, if a bar does form in a galaxy in a high spin halo, it is thought that it will be
shorter and weaker when compared with bars that form in galaxies residing in low spin halos
(Cervantes-Sodi et al. 2013; Cervantes Sodi & Sánchez Garcı́a 2017). In addition, there is a
strong dependence on the bar fraction with color, where redder galaxies are hosts to longer
bars, and bluer galaxies are hosts to shorter bars (Lee et al. 2012). Given that LSBs are blue
and likely formed in high spin halos, LSBs should be hosts to weaker and shorter bars when
compared with high surface brightness galaxies (HSBs).
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In Chapter 3 we showed that bars in LSBs were indeed generally shorter and weaker than
those in previous studies of HSBs, but had comparable relative bar pattern speeds. We also
found that barred LSBs were just as gas-rich as the general LSB population. Since LSBs
contain as much HI gas as HSBs (Burkholder et al. 2001), but have lower total baryonic
masses (i.e. M∗ + Mgas ), it becomes clear that HSBs are stellar dominated systems and LSBs
are gas dominated. It stands to reason then that there should exist a continuum for the bar
properties that extends across surface brightness. This chapter is aimed at exploring this
continuum in more detail, specifically at increasing the number of HSBs being compared, as
well as applying the same measurement techniques used on our LSBs to the HSBs.
In Chapters 2 and 3, we used the HSB sample of Aguerri et al. (1998) as a means of
comparing bars between LSBs and HSBs. However, in order to provide a more meaningful
comparison, we desire a larger and more morphologically complete sample of HSBs. In
addition, as Aguerri et al. (1998) uses different bar length measures, it will be more insightful
to apply our own measurement techniques, specifically our azimuthal bar length measure,
to a group of HSBs. Rather than obtaining additional observations of HSBs, we will take
advantage of the large number of high quality images available in the literature.
This chapter is organized as follows. In Section 4.2 we discuss our sample selection and
data acquisition. Our methods for measuring the bar properties and obtaining stellar and
gas mass estimates are detailed in Sec. 4.3, and the results are shown in Sec. 4.4. Finally, we
discuss our results and conclusions in Sec. 4.5.

4.2

Sample and Data

In this section we detail our sample selection (Sec. 4.2.1) and data acquisition and processing
(Sec. 4.2.2).
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4.2.1

Sample Selection and Justification

To capitalize on the numerous HSB surveys available in the literature, we have selected
galaxies from various surveys that are present in the Sloan Digital Sky Survey (SDSS; York
et al. 2000; Blanton et al. 2017) catalog. Although SDSS has worse resolution than that
of our LSB observations taken with the ARCTIC imager on the Apache Point Observatory
(APO) 3.5m telescope (0.39600 pixel−1 vs. 0.22800 pixel−1 ) and worse resolution than available
images from one of the surveys described below, maintaining a single resolution across our
HSB sample will make analysis much easier and, more importantly, more consistent.
In addition to the difference in plate scale just mentioned, the filter system used by SDSS,
ugriz, is different from that used in Chapter 3, Johnson-Cousins U BV RI (Johnson et al.
1966; Cousins 1984). A comparison of the transmissions for the two filter sets is shown in
Fig. 4.1. From this figure, we can see that the two filter systems cover roughly the same
wavelength regime, but that the SDSS filters provide more consistent transmission past 4000Å.
Due to this, one can make and compare measurements in the two different systems, as long
as a band is selected from each system that occupies the same wavelength space. In addition,
there exists transformations between the two systems if that is desired.
We have identified two large surveys from which to draw a sample of HSBs. First, we
have selected the 11 barred galaxies from the Carnegie-Irvine Galaxy Survey (CGS) (Ho et
al. 2011) that appear in SDSS and fall within only one frame. CGS is a sample of 605 of
the brightest galaxies in the southern hemisphere. As SDSS is a northern hemisphere survey,
only 6% of CGS is present in SDSS. However, as the survey is statistically complete over
−16 ≤ MBT ≤ −23, we feel confident in selecting from this survey to obtain a representative
selection of HSBs. Our selected galaxies span −18.87 ≤ MBT ≤ −21.78 and do not appear to
be biased towards longer or shorter bars compared with the barred galaxies in CGS.
Second, we have selected 15 barred galaxies present in the Calar Alto Legacy Integral
Field Area (CALIFA) Survey (Sánchez et al. 2012), already identified in Aguerri et al. (2015).
CALIFA is a large, comprehensive integral field unit (IFU) survey with the goal of providing
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Figure 4.1: Transmission curves for Johnson-Cousin filters (solid lines) and SDSS filters
(dashed lines). From shorter to longer wavelengths, the Johnson-Cousin filters are U BV RI
and the SDSS filters are ugriz.
spectroscopic measurements of a statistically complete sample of the local universe. Aguerri
et al. (2015) identified the barred galaxies in CALIFA and measured the relative bar pattern
speeds, finding that bars were fast rotators across the Hubble sequence.
To confirm that our galaxies are indeed HSBs, we have obtained ugri total magnitudes
and disk scale lengths. Although the SDSS lists photometric information for a large portion
of their sample, it is not always reliable to simply extract these parameters as certain fits
often fail. This is because the SDSS pipeline fits general de Vaucouleurs and exponential
light profiles to each photometric object. Final magnitudes in the SDSS pipeline are weighted
combinations of these two light profiles. While this approach generally works, it does not
always succeed in accurately fitting the galaxy light for specific targets, including under-
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representing the magnitude and disk scale lengths. We therefore opt to measure our own
ugri magnitudes and disk scale lengths in order to estimate both µ0 (B) and stellar masses.
We first obtain ugri images for each galaxy from the SDSS Sky Server and convert the
image units from nanomaggies to counts. With these images we then construct surface
brightness profiles by using the IRAF routine ELLIPSE using the SDSS photometric magnitude
zero points: 24.63, 25.11, 24.80, 24.36 in ugri respectively.
From these surface brightness profiles, we fit two exponential profiles: one for the disk
and one for the inner bar region. With these two profiles we obtain a disk and bar magnitude
by integrating out to infinity for each profile as was done in Chapter 3. We use two profiles
here, as the inner light profile of HSBs often contributes quite significantly to the overall
magnitude of the galaxy, as opposed to LSBs often being almost entirely represented by
their disk component. We obtain a total magnitude by adding the disk and bar magnitudes
together appropriately:

mtot = −2.5 log (10−mdisk /2.5 + 10−mbar /2.5 )

(4.1)

Although the light profiles of bars are not well represented by an exponential profile, we
find that our simple approach approximates the profiles reasonably well and that we find our
total magnitudes agree with those from SDSS for galaxies with good quality data. In addition,
we are able to obtain magnitudes for our entire sample, whereas a significant number of the
HSBs are missing from the final SDSS photometric database. With these total magnitudes,
we obtain central surface brightnesses in each band by following the approach laid out in
Zhong et al. (2008):

µ0 = m + 2.5 log (2πa2 ) + 2.5 log (q),

(4.2)

where a is the disk scale length and q is the axis ratio (b/a). We do not account for cosmological
dimming as our galaxies are close enough for this correction to be minuscule (corrections

137

are < 0.08 magnitudes). Finally, we estimate the B-band central surface brightness via the
relation from Cervantes-Sodi et al. (2013):

µ0 (B) = µ0 (g) + 0.47 (µ0 (g) − µ0 (r)) + 0.17,

(4.3)

where µ0 (g) and µ0 (r) are the g and r band central surface brightnesses respectively. We
find that all of the selected galaxies, with the exception of PGC 3853, are consistent with
being HSBs (i.e. µ0 (B) < 22.5 mag arcsec−2 ).
We list our full sample of 26 barred HSB galaxies in Table 4.1, comprising a subsample
from two large, statistically complete surveys. As an added benefit, both of these surveys
have bar lengths already measured, which will provide us with an additional and independent
check for our bar length measurements. Finally, Aguerri et al. (2015) determined the relative
bar pattern speeds (R) for their sample, which will provide a check for our own measurements.
The photometric disk position angle (P.A.) and inclination (i) and morphologies in
Table 4.1 are taken directly from the CGS database and Aguerri et al. (2015). Distances are
taken from The NASA/IPAC Extragalactic Database1 (NED), and typically have errors of
a few Mpc. With the exception of a few targets (NGC 1645, NGC 5339, NGC 5378, NGC
5947, NGC 6497), all distances are redshift independent via the Tully-Fisher relation. We
also list our estimated B-band central surface brightnesses and r-band disk scale length here.
In Fig. 4.2 we show a comparison of basic sample properties between the LSBs from
Chapter 3 (dashed blue line) and the HSB sample (solid red line). We find that our two
samples are mostly comparable in terms of observational parameters, with most deviations
due to the difference in sample size. Our LSBs are at the higher distance end when compared
to the HSBs, with two LSBs at extreme distances. The LSBs and HSBs extend over roughly
the same disk inclination range, with more HSBs having higher inclinations.
1

The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the National Aeronautics and Space Administration.
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We find that our HSB and LSB samples have distinct central surface brightness distributions, with the HSBs peaking around µ0 (B) ∼ 21 mag arcec−2 and the LSBs peaking around
µ0 (B) ∼ 22.5 mag arcec−2 . We find that the two HSB and LSB populations are distinct,
finding a 99.4% probability the null-hypothesis (that the two populations are the same) is
rejected via a Kolmogorov-Smirnov Test.
Finally, we find our LSBs to be composed of mostly later Hubble types (T ), a very useful
numerical representation of galaxy morphology (de Vaucouleurs 1959), and the HSB sample
to extend over a wider range of T , although they are mostly comprised of early type spirals.
Here, early galaxy types are lower T (including negative values for ellipticals) and later galaxy
types are higher T (with irregulars having T = 11).
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Table 4.1: Comparison sample of high surface brightness galaxies. Sample is made up of barred galaxies taken from the
Carnegie-Irvine Galaxy Survey (CGS) (Ho et al. 2011, denoted by 1 in col. 10) and the Calar Alto Legacy Integral Field Area
(CALIFA) Survey (Sánchez et al. 2012, denoted by 2 in col 10.) present in the SDSS database (York et al. 2000; Blanton et al.
2017). We list the R.A. (col. 2) and Dec. (col. 3) coordinates, photometric disk position angles (col. 4) and inclinations (col. 5),
distances (col. 6), morphologies (col. 7), i-band disk scale lengths (col. 8), and estimated B-band central surface brightnesses
(col. 9). Distances that are not redshift independent are denoted by ∗ . Disk scale lengths and estimated B-band central surface
brightnesses are calculated using the available SDSS ugri images.
Galaxy
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NGC 36
NGC 151
NGC 337
NGC 701
NGC 1022
NGC 1645
NGC 3300
NGC 4691
NGC 4699
NGC 5068
NGC 5205
NGC 5334
NGC 5339
NGC 5378
NGC 5406
NGC 5885
NGC 5947
NGC 6497
NGC 6941
NGC 6945
NGC 7321
NGC 7563
NGC 7591
PGC 3853
UGC 3253
UGC 12185

R.A.
(J2000)
00:11:22.30
00:34:02.79
00:59:50.09
01:51:03.84
02:38:32.71
04:44:06.39
10:36:38.44
12:48:13.63
12:49:02.23
13:18:54.81
13:30:03.58
13:52:54.46
13:54:00.27
13:56:51.02
14:00:20.12
15:15:04.16
15:30:36.60
17:51:17.97
20:36:23.47
20:39:00.62
22:36:28.02
23:15:55.93
23:18:16.28
01:05:04.88
05:19:41.90
22:47:35.06

Dec.
(J2000)
06:23:22.73
-09:42:19.21
-07:34:40.70
-09:42:09.40
-06:40:38.70
-05:27:56.17
14:10:15.97
-03:19:57.77
-08:39:53.49
-21:02:20.80
62:30:41.66
-01:06:52.68
-07:55:50.40
37:47:50.08
38:54:55.50
-10:05:09.63
42:43:01.73
59:28:15.18
-04:37:07.48
-04:58:21.30
21:37:18.50
13:11:46.04
06:35:08.90
-06:12:44.60
84:03:09.33
31:22:24.70

P.A.
(◦ )
23.4
68.0
-60.0
45.0
24.5
84.7
-8.0
-3.0
32.3
-28.0
-9.9
12.3
37.6
86.5
-68.2
57.4
72.5
-68.0
-52.5
-53.9
13.4
-30.2
-36.0
-65.8
-88.0
-19.0

i
(◦ )
57.2
55.7
50.8
63.1
24.7
64.5
57.2
30.9
34.9
32.9
50.0
43.9
42.3
37.8
44.9
38.9
44.6
60.9
42.3
51.3
48.3
55.8
57.6
42.4
56.8
56.8

D
(Mpc)
83.65
50.36
19.56
23.00
18.16
71.68∗
50.45
21.36
25.56
14.43
27.52
24.60
44.54∗
47.69∗
79.44
32.23
88.14∗
89.84∗
87.64
51.81
100.15
56.12
67.63
11.46
60.27
93.11

Morph.
SBb
SB(r)bc
SB(s)d
SB(rs)c
SB(s)a
SB0a
SB0a
SB(S)0/a
SAB(rs)b
SAB(rs)cd
SBbc
SB(rs)c
SB(rs)a
SBb
SBb
SAB(r)c
SBbc
SBab
SBb
SB0
SBbc
SBa
SBbc
SAB(rs)d
SBb
SBb

h
(kpc)
7.83±0.28
5.94±0.16
1.74±0.03
2.08±0.01
1.93±0.05
6.33±0.15
4.30±0.22
3.39±0.30
2.63±0.14
4.63±0.15
2.23±0.10
5.00±0.08
3.79±0.12
3.46±0.13
6.86±0.25
5.19±0.10
4.38±0.13
5.12±0.13
5.32±0.32
4.70±0.29
6.44±0.17
3.21±0.14
5.58±0.22
2.77±0.09
3.65±0.13
4.47±0.20

µ0 (B)
(mag arcsec−2 )
21.77±0.19
21.45±0.13
19.46±0.11
21.38±0.07
21.23±0.17
21.91±0.16
21.14±0.23
21.11±0.15
19.53±0.29
22.38±0.21
21.81±0.25
22.39±0.12
20.71±0.19
21.67±0.24
21.22±0.19
22.27±0.12
21.32±0.31
20.88±0.23
21.81±0.18
21.88±0.27
20.91±0.17
20.57±0.28
22.03±0.18
23.21±0.13
21.47±0.33
21.70±0.24

Survey
2
1
1
1
1
2
2
1
1
1
2
1
1
2
2
1
2
2
2
2
2
2
2
1
2
2

4.2.2

Data

For our analysis in this chapter, we obtain g- and i-band images directly from the SDSS image
server. We have selected these filters as they allow us to cover roughly the same wavelength
range to that used in Chapter 3 via the B- and I-bands (see Fig. 4.1). In addition, we do
not opt for the more red z-band as most galaxies are almost entirely missed due to the short
exposure time, 59 seconds. However, it is worth noting that these filters are not directly
comparable: the effective wavelengths for g and B are 4770Å and 4353Å respectively, and
7625Å and 8797Å for i and I.
Before analyzing these images, we use information in the header files to reorient the images
to be true on-sky orientation, as well as convert the units of the images from nanomaggies to
counts. No sky subtraction is necessary, as SDSS provides fully reduced images. We show
the on-sky i-band images for our sample in Fig. 4.3
In order to compare the results from these HSBs with our LSBs in Chapter 3, we also
obtain available HI magnitudes from the HYPERLEDA database2 , leaving us with a subsample
of 21 barred HSBs.

4.3

Methods

In this section, we detail the methods used to obtain the photometric bar properties (Sec. 4.3.1)
and estimates of stellar and gas masses (Sec. 4.3.2) for our HSB comparison sample.
As with the analysis in the previous chapters, we deproject each image so that the galaxy
appears face-on. To do this, we use the photometric disk P.A. and i given from each survey,
shown in Table 4.1. These values have been determined through elliptical isophotes, and we
confirm that deprojecting the images with these values results in the outer isophotes being
nearly circular.
2

http://leda.univ-lyon1.fr/
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Figure 4.2: Comparison of basic properties for our LSB (dashed blue line) and HSB (solid
red line) samples. Top Left: distance (Mpc); Top Right: inclination (◦ ); Bottom Left: central
surface brightness in B-band (µ0 (B)); Bottom Right: morphological type T .
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Figure 4.3: On-sky i-band images of our HSB comparison sample. Directions are indicated
by the arrows, and each image is 600×600 pixels, or 2.380 ×2.380 . Images are all scaled with
asinh scaling, but each image has different scaling limits to best show the disk and bar
structure within each galaxy. White areas in images are the result of rotating the images to
align north upwards and east to the left, not real features of the images.
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Figure 4.3: continued
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4.3.1

Bar Properties

In the following sections, we detail the methods used to obtain the photometric bar properties:
bar length (Sec. 4.3.1.1), bar strength (Sec. 4.3.1.2), and corotation radii (Sec. 4.3.1.3).

4.3.1.1

Bar Lengths

In this section, we detail the methods for our four different bar length measures: use of
azimuthal light profiles, Fourier analysis, and two different methods based on analysis of
elliptical isophotes. It is important to determine the bar length as accurately as possible, as a
wrong bar length will propagate through both the bar strength and corotation radius (MichelDansac & Wozniak 2006). We do not average the four different measurements to obtain a
final bar length, but instead use the method that provides the most accurate measurement in
each individual case. In some galaxies, a given method could be biased towards shorter or
longer values, and thus would bias any averaging taking place (see Sec. 3.3.2.1 in Chapter 3).

Azimuthal Light Profiles For our first bar length measure, we opt to use the method we
put forth in Chapters 2 and 3: analysis of azimuthal light profiles. As a reminder, azimuthal
light profiles are a useful means of analyzing galaxy structure. Instead of obtaining a light
profile radially in a galaxy, we can obtain light as a function of azimuthal angle for various
radii.
We construct the azimuthal light profiles for each galaxy in the same way, only adjusting
the starting and ending radius. Each set of profiles has a radial spacing of one pixel, or
0.39600 , and has 60 azimuthal divisions at each radius (i.e. each division is 6◦ ). In Fig. 4.4 we
show an example set of g (top panel) and i-band (bottom panel) azimuthal light profiles for
NGC 36. Profiles are plotted in the range 300 < R < 3500 every 300 for clarity. The rainbow
color scheme in each panel corresponds to radius, with red (top profile) indicating closer in
and violet (bottom profile) indicating farther out. Plots similar to Fig. 4.4 for the remainder
of the HSB sample are shown in Fig. 4.24. Here we can see that there are a wide range of
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profiles found in each galaxy, ranging from the very smooth and well-behaved (e.g. NGC151,
NGC 1645, NGC 3300, NGC 7653) to the very messy (e.g. NGC 337, NGC 701, NGC 7691).
We then fit Gaussians to the humps in the i-band azimuthal light profiles due to the bar
in order to obtain centroids. Finally, we track the movement of these centroids as a function
of radius to determine where the humps follow the behavior described in Ohta et al. (1990).
As the two humps may not diverge from the bar length at the same radius due to the bar not
being perfectly symmetrical, we take the bar length to be the average of where each of the
humps diverge, with the error being the difference between the humps and the bar length.
As our radial spacing between azimuthal light profiles is one pixel, this places a lower limit
on our error for this method of 0.39600 .
In Fig. 4.5 we show an example plot of the bar azimuthal centroid information as a
function of radius for NGC 36. Here, the bar centroids are shown in the top left panel, the
difference between the two centroids in the top right panel, the difference between each hump
and the bar centroid in the bottom left panel, and peak surface brightness µ(i) (mag arcsec−2 )
for each hump in the bottom right panel. We can see from the bottom left panel that the two
humps remain close to the azimuthal centroid of the bar before diverging sharply towards
higher angles. This is because the humps are no longer tracing the location of the bar, but
instead the location of the spiral arms. The vertical dashed line indicates the bar length:
Raz = 18.0100 ±0.6000 . Plots similar to Fig. 4.5 for the remainder of the sample are shown in
Fig. 4.25.

Fourier Analysis Our next bar length measure is based on a Fourier analysis of the
azimuthal light profiles described above. We can decompose the profiles via a Fourier
transform:
Z

π

F(R) =

IR (θ) exp (−2iθ)dθ
−π
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(4.4)

Figure 4.4: Azimuthal light profiles for NGC 36. Top panel : g-band; Bottom Panel : i-band.
Profiles are plotted in the range 300 < R < 3500 every 300 for clarity. The rainbow color scheme
in each panel corresponds to radius, with red (top profile) indicating closer in and violet
(bottom profile) indicating farther out.
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Figure 4.5: Bar azimuthal centroids for NGC 36. Top Left: azimuthal centroids for the two
humps present in the azimuthal light profiles; Top Right: azimuthal difference between the
two humps (φ1 − φ2 ), the solid line shows 180◦ ; Bottom Left: difference between each hump
and the bar centroid, solid line shows 0◦ and the vertical dashed line indicates the bar length
Raz = 18.0100 ±0.6000 ; Bottom Right: peak surface brightness µ(i) (mag arcsec−2 ) for each
hump.
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where IR (θ) are the azimuthal light profiles, and θ is the azimuthal angle. The Fourier
coefficients are given by
1
Am =
π

Z

1
Bm =
π

Z

2π

IR (θ) cos (mθ)dθ

(4.5)

IR (θ) sin (mθ)dθ,

(4.6)

0
2π

0

and the amplitudes are
A0 (r)
2

(4.7)

p
2 (r).
A2m (r) + Bm

(4.8)

I0 (r) =
Im (r) =

Aguerri et al. (2009) define the bar region via the relation
1
Ib
>
Iib
2



Ib
Iib




−

max

Ib
Iib






+

min

Ib
Iib


(4.9)
min

where Ib and Iib are the bar and interbar Fourier intensities respectively, defined as

Ib = I0 + I2 + I4 + I6

(4.10)

Iib = I0 − I2 + I4 − I6 .

(4.11)

The last radius where Eq. 4.9 is satisfied is taken to be the bar length, RF .
We show an example plot of the bar/interbar Fourier intensities for NGC 36 in Fig. 4.6,
and the rest in Fig. 4.26. Here, the horizontal dashed line denotes equation 4.9. We find
RF = 14.9000 ±0.4000 .
Elliptical Isophotes Finally, we employ two methods based on elliptical isophotes: the
radius of maximum ellipticity (R ), and the radius of discontinuity in position angle (RP.A. ).
The first measure, R , is simply the radius at which the radial profile of eccentricity reaches
a local maximum (Wozniak et al. 1995; Michel-Dansac & Wozniak 2006).
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Figure 4.6: Bar/Interbar Fourier intensities for NGC 36. The dashed line indicates Eq. 4.9,
and the last intersection is taken to be the bar length, RF = 14.9000 ±0.4000 .
The second measure, RP.A. , is based on the behavior of the position angle of the elliptical
isophotes. The P.A. remains constant within the bar region, and then changes to the value
of the disk P.A. (Wozniak et al. 1995). Traditionally, a change in the P.A. greater than 5◦
compared to the value at R is taken to be the bar radius (see Aguerri et al. 2009).
We show radial plots of eccentricity and position angle for NGC 36 in Fig. 4.7. The
vertical line in the top panel denotes R = 18.4700 ±1.7600 , and in the bottom panel denotes
RP.A. = 24.5900 ±2.3500 . Plots similar to Fig. 4.7 for the rest of our sample are shown in
Fig. 4.27.

4.3.1.2

Bar Strengths

We determine bar strengths via:
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Figure 4.7: Radial plots of eccentricity (top panel) and position angle (bottom panel)
of elliptical isophotes for NGC 36. The dashed lines indicate bar lengths derived via
the radius of maximum ellipticity (R = 18.4700 ±1.76) and radius of discontinuity in P.A.
(RP.A. = 24.5900 ±2.35).
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Figure 4.8: Fourier amplitudes for NGC 36. g band is shown in the left panel and i band
in the right panel. Bluer colors shown even modes with deep blue being m = 2, and redder
colors show odd modes with deep red being m = 1.

X Z Rbar Im
1
dr,
Sb =
Rbar m=2,4,6 0
I0

(4.12)

where Rbar is the bar radius and Im are the even Fourier amplitudes. Since our azimuthal
light profiles cannot begin at R = 0, our bar strengths are only lower limits.
We show an example plot of the Fourier amplitudes for NGC 36 in Fig. 4.8. Here we can
see strong m = 2 modes in the inner 1500 due to the bar, as well as strong even modes in the
disk due to the spiral arms. Plots similar to Fig. 4.8 for the remainder of our sample are
shown in Fig. 4.28.

4.3.1.3

Corotation Radii

To obtain the corotation radii, RCR , we use the method from Puerari & Dottori (1997). This
method relies on calculating phase profiles of two images separated by a large wavelength
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range, originally the B- and I-bands. As we are using SDSS images, we cannot obtain phase
profiles in the B- and I-bands. Instead, we use the g- and i- bands as proxies for the two
different stellar populations, as has been done before (see Sierra et al. 2015). In addition,
we have used phase profiles from B-band and 3.6µm images, a much larger difference in
wavelength space, to success in Chapter 2. We therefore feel confident in using these two
bands, g and i, to determine the bar corotation radius.
The method itself determines the corotation radius by locating the intersection of phase
profiles of two different images. We calculate the phase via:

Θ(r) = arctan


Re(F(r))
,
Im(F(r))

(4.13)

where Re(F(r)) and Im(F(r)) denote the real and imaginary components of the Fourier
transform respectively. We take the first phase crossing after the bar radius to be the bar
corotation radius, as it is thought that corotation occurring within the bar would cause the
bar to become unstable (Contopoulos 1980; Bureau et al. 1999). It is worth noting that
this method is not limited to finding bar corotation radii. Instead, an intersection of phase
profiles simply denotes a corotation radius.
Once RCR has been calculated, it is useful to further calculate the dimensionless parameter
R, or the relative bar pattern speed:

R=

RCR
Rbar

(4.14)

where Rbar is the final bar length measure. As a reminder, fast rotators are defined as having
R < 1.4, and slow rotators as having R > 1.4.
We show the g and i-band phase profiles for NGC 36 in Fig. 4.9, and find RCR =
19.8000 ±0.4000 . Plots similar to this one for the remainder of the HSB sample are shown in
Fig. 4.29.
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Figure 4.9: Phase profiles for NGC 36. Blue triangles denote the g-band and red circles
denote the i-band. Intersections of the profiles denote corotation radii, the first of which
after the bar length is the bar corotation radius.
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4.3.2

Gas and Stellar Masses

We calculate HI masses using the relation from Haynes & Giovanelli (1984)

MHI = 2.36 × 105 D2 FHI (M ),

(4.15)

where D is the distance in Mpc listed in Table 4.1, and FHI is the HI flux using the HI
magnitudes from HYPERLEDA. We then calculate the total gas mass as Mgas = 1.4MHI to
account for Helium and metals (McGaugh et al. 2000).
In Chapter 3, we estimated stellar masses using the I-band mass-to-light ratios from Into
& Portinari (2013) via (B − I) colors. The use of this model was motivated due to having
only B- and I-band photometry available for our LSBs in Chapter 3. However, it is known
that this model generally underpredicts stellar mass due to contamination from inclusion of
thermally pulsing asymptotic giant branch (TP-AGB) stars (McGaugh & Schombert 2014).
This underprediction is worse in the near infrared (NIR) due to the TP-AGB stars being
brightest in redder bands and not affecting the rest of the optical wavelength range. To
bypass this, Schombert et al. (2019) give new stellar mass-to-light ratios for the V -band:

log ΥV∗ = −1.224(B − V )2 + 3.120(B − V ) − 1.271

(4.16)

We can obtain V -band magnitudes and (B − V ) colors via SDSS photometry using the
galaxy transformation equations from Cook et al. (2014), similar to the process in Erwin
(2018):

(B − i) = 1.27(g − i) + 0.16

(4.17)

(V − u) = −0.82(u − r) − 0.02

(4.18)

(B − V ) = 0.89(g − r) + 0.16

(4.19)
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Finally, based on the consistency of using the V -band (McGaugh & Schombert 2014;
Schombert et al. 2019), we opt to use Equation 4.16 to obtain stellar mass estimates for our
HSBs. For more discussion on this, see Appendix B. We then obtain gas fractions via:

fgas =

Mgas
.
Mgas + M∗

(4.20)

Errors on HI mass and stellar mass are propagated through assuming the errors in distance,
and errors on HI from HYPERLEDA. We are limited to those galaxies that both have available
HI data and SDSS photometry, limiting our mass estimates to 21 galaxies. In addition, we
also opt to obtain new stellar mass estimates for our LSBs using the same methods described
above. We find that while 14 of our 15 LSBs have available SDSS images to obtain ugri
magnitudes, only 9 have HI fluxes in HYPERLEDA.

4.4

Results

Here we compare the results between the HSB and LSB bar properties (Sec. 4.4.1) and
explore any possible trends with stellar and gas mass (Sec. 4.4.2).

4.4.1

Bar Properties

We discuss the results for each parameter in the subsections below: bar lengths in Sec. 4.4.1.1,
bar strengths in Sec. 4.4.1.2, and corotation radii in Sec. 4.4.1.3. We finally compare the final
HSB bar properties with those from the LSBs in Chapter 3 in Sec. 4.4.1.4.

4.4.1.1

Bar Lengths

In Table 4.2 we show the four different bar length measures for each galaxy: analysis of
azimuthal light profiles (Raz ), Fourier analysis (RF ), the radius of maximum ellipticity (R ),
and the radius of discontinuity in position angle (RP.A. ). Based on our analysis of mock
galaxy images in Chapter 3, we found that our azimuthal measure gave the most accurate
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Table 4.2: Bar lengths based on our four methods: analysis of azimuthal light profiles (Raz ),
Fourier analysis (RF ), the radius of maximum ellipticity (R ), and the radius of discontinuity
in position angle (RP.A. ). All bar lengths are in arcsec.
Galaxy

Raz
(arcsec)
NGC 36
18.01±0.60
NGC 151
31.08±0.40
NGC 337
29.70±0.80
NGC 701
10.50±0.40
NGC 1022 21.38±2.38
NGC 1645 21.78±0.80
NGC 3300 20.39±0.40
NGC 4691 37.03±0.60
NGC 4699 14.65±1.19
NGC 5068 23.36±1.19
NGC 5205 15.25±0.99
NGC 5334 17.80±0.40
NGC 5339 26.54±0.40
NGC 5378 22.96±0.40
NGC 5406 20.00±0.99
NGC 5885
9.11±1.98
NGC 5947
9.70±0.40
NGC 6497 21.19±0.99
NGC 6941 13.07±0.79
NGC 6945 10.69±0.40
NGC 7321 16.04±0.99
NGC 7563 27.52±0.40
NGC 7591 14.85±0.40
PGC 3853
22.37±2.97
UGC 3253 19.20±1.39
UGC 12185 12.67±0.79

RF
(arcsec)
14.90±0.40
28.20±0.40
25.50±0.40
10.30±0.40
21.60±0.40
16.50±0.40
16.80±0.40
18.40±0.40
14.40±0.40
24.40±0.40
29.60±0.40
17.00±0.40
33.50±0.40
24.20±0.40
23.60±0.40
11.70±0.40
14.00±0.40
15.50±0.40
14.50±0.40
17.90±0.40
12.10±0.40
22.60±0.40
20.20±0.40
24.10±0.40
30.90±0.40
21.30±0.40
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R
(arcsec)
18.47±1.76
32.73±3.12
15.27±1.46
10.43±1.00
18.47±1.76
16.79±1.60
15.27±1.46
16.66±1.59
12.51±1.19
10.34±0.99
15.14±1.45
22.17±2.20
29.51±2.82
26.82±2.56
22.17±2.12
16.66±1.59
12.51±1.19
18.32±1.75
13.76±1.31
12.51±1.19
11.47±1.09
27.05±1.58
10.43±1.00
15.27±1.46
20.32±1.94
13.88±1.32

RP.A.
(arcsec)
24.59±2.35
39.60±3.78
24.59±2.35
16.79±1.60
22.35±2.13
24.59±2.35
20.32±1.94
35.70±3.41
16.66±1.59
39.27±3.75
20.15±1.92
24.39±2.33
35.70±3.41
32.46±3.10
26.82±2.56
18.32±1.75
15.14±1.45
22.17±2.12
16.66±1.59
15.14±1.45
15.27±1.46
32.73±3.12
20.32±1.94
36.00±3.44
22.35±2.13
27.05±2.58

Figure 4.10: Visual comparison of the four bar length measures for NGC 36. Bar measures
are listed in increasing value. Red: Fourier bar length; blue: azimuthal bar length; green:
radius of maximum ellipticity; yellow: radius of discontinuity in position angle.
bar length across various galaxy properties and seeing. We therefore select this bar length
measurement as the final bar length for all of our galaxies. However, in order to check that
this method works for bars in HSBs as well, we visually plot each over the deprojected i-band
image. In Fig. 4.10 we show an example plot of this for NGC 36, from which, it is clear that
RP.A. (yellow) overpredicts the bar length. While it may seem that RF is the best measure,
there is actually a ring at the end of the bar length that both R and Raz locate making these
bar lengths more accurate. Plots similar to Fig. 4.10 for the remainder of our sample are
shown in Fig. 4.30.
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Figure 4.11: Comparison of bar length measures relative to the azimuthal method (i.e.
∆Rbar = Rmethod − Raz ) for our HSB sample. The radius of maximum ellipticity, R , is shown
as red triangles; the radius of discontinuity in position angle, RP.A. , is shown as open squares;
the Fourier bar radius, RF , is shown as blue circles.
We show a visual comparison of the bar length measures in Fig. 4.11. Here, ∆Rbar shows
the difference between a given method and Raz . There appears to be a slight downward
trend between R and Raz , with ∆Rbar generally positive at R < 2000 , and generally more
negative R > 2000 . Without the point at R ∼ 3500 RF does not show any trend. In general,
we find that RF and R broadly agree with the Raz , although there is quite significant scatter.
In practically all cases we find that RP.A. overpredicts the bar length when compared with
the other three measures. Based on this, as well as visual inspection of the bar lengths
overplotted on the galaxy images (Fig. 4.10 and 4.30), we take Raz to be our bar length for
each galaxy. This is consistent with our findings in both Chapter 2 and Chapter 3.
In the top panel of Fig. 4.12 we show a comparison between our measured bar lengths
(Raz ) to those from CGS (bar lengths are given in Li et al. 2011), shown as triangles, and
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CALIFA (bar lengths taken from Aguerri et al. 2015) galaxies, shown as circles. Here
∆Rbar = Rbar − Rbar,lit , where Rbar is our measured bar length in Table 4.4. We find that our
bar lengths agree fairly well with those reported in the literature, at least when considering
the errors, with no clear trend present in the residuals ∆Rbar . In addition, there is no trend
present when looking at ∆Rbar for each survey. There is a typical spread of ∼500 between our
measured bar lengths and those reported in the literature.
Both Li et al. (2011) and Aguerri et al. (2015) use common bar length measurements:
behavior of elliptical isophotes and Fourier analysis. For an in-depth comparison between
these measurement techniques and our azimuthal bar length measure, see Sec. 3.4 in Chapter 3.
Here, we find the azimuthal method to perform quite well on the HSBs (see Fig. 4.5 and
Fig. 4.25), due to the fact that these galaxies extend significantly farther on the sky when
compared with the majority of the LSBs from Chapter 3, leading to comparatively small
errors.

4.4.1.2

Bar Strengths

We find bar strengths that range from 0.18 (NGC 5885) to 1.2 (NGC 4691), and a mean bar
strength of ∼ 0.5 ± 0.2 for our HSBs. Due to the relatively large extent that the bars in these
galaxies have across the sky, we found that decreasing the starting radius of the azimuthal
light profiles did not affect the resulting bar strength.

4.4.1.3

Corotation Radii

We show a comparison between our measured relative bar pattern speeds and those in Aguerri
et al. (2015) in the bottom panel of Fig. 4.12. Here ∆R = R − Rlit , where R is our measured
relative bar pattern speed in Table. 4.4. As Aguerri et al. (2015) reports four different
measurements of R using the Tremaine-Weinberg method (Tremaine & Weinberg 1984), we
take the average value to compare with our value, with the error being propagated through
this averaging.
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Figure 4.12: Comparison of our bar lengths (top) and relative bar pattern speeds (bottom)
with available literature values for our HSB sample. In the top panel, galaxies from CALIFA
are shown as closed triangles and galaxies from Aguerri et al. (2015) are shown as open circles.
Filled circles in the bottom panel are galaxies from Aguerri et al. (2015).
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We find that there is significant deviation between our relative pattern speeds with those
from Aguerri et al. (2015), with the majority of our values being much larger. A major reason
for this is that Aguerri et al. (2015) allows relative bar pattern speeds to be less than 1, or
in other words allow corotation to occur within the bar. Bars with R<1 are referred to as
‘ultrafast’ bars, and have also been reported in various studies (e.g. Corsini et al. 2007; Buta
& Zhang 2009).
Because Aguerri et al. (2015) determined RCR via the Tremaine-Weinberg (TW) method
(Tremaine & Weinberg 1984), this could be the reason they were able to locate corotation
within the bar. Since the TW method determines RCR by finding the radius at which the
rotation curve is equal to the bar pattern speed, there is no restriction on corotation occurring
outside the bar region.
In order to see whether there are ultrafast bars in our sample, we have re-examined the
phase profiles and report two corotation radii in Table 4.3: the last phase intersection before
the end of the bar, RCR1 , and the first phase intersection after the end of the bar, RCR2
(what is reported earlier in Table 4.4). We also report the two different relative bar pattern
speeds associated with these two corotation radii, R1 and R2 respectively. R2 is the value
reported in Table 4.4.
We find inner corotation radii for all of our HSBs, with the exceptions of NGC 337 and
NGC 701. That all galaxies in our sample are hosts to ultrafast bars seems unlikely, due to
theoretical expectations (Athanassoula 1980; Contopoulos 1980). Indeed, Guo et al. (2019)
find that when determining the relative bar pattern speed through the Tremaine-Weinberg
(TW) method the determination of disk position angle (P.A.) greatly affects the result. When
using a P.A. derived from photometry, they find 15 out of 53 galaxies to host ultrafast bars.
This decreases to 2 ultrafast bars when only using the kinematic P.A. to derive the pattern
speed. This dependence on P.A. is well known, resulting from the fact that the TW method
requires flux weighted spectroscopy exactly along slits parallel to the major axis, otherwise
the observed velocities are not representative of the full flux (Debattista 2003). In fact, errors
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of ∼5◦ in P.A. can lead to errors in the bar pattern speed of ∼100% (Debattista & Williams
2004).
Due to the uncertainty with ultrafast bars, we feel more confident in reporting the relative
bar pattern speeds associated with the first phase crossing after the bar length, R2 in Table 4.3
and R in Table 4.4. Based on this, we find the majority of our HSB sample to be hosts to
fast bars (i.e. R<1.4). However, we do note a relatively large number of slow bars, roughly
25% of our sample. While bars have been generally found to be fast in the literature (Pérez
et al. 2012; Aguerri et al. 2015), there has been an increasing number of slow bars found (see
Font et al. 2017; Guo et al. 2019). Although it bears noting the extremely large uncertainties
in Guo et al. (2019) make this issue less clear than it appears.

4.4.1.4

Comparison with LSBs

Our final bar properties for our HSB subsample are shown in Table 4.4: bar lengths (taken
as Raz ) in arcsec (col. 2) and kpc (col. 3), corotation radius in arcsec (col. 4) and kpc (col.
5), relative bar pattern speed (col. 6), and lower limits on bar strength (col. 7).
As a reminder to the reader, we have a sample of 26 barred HSBs and a sample of 15
barred LSBs. We find a mean bar length of ∼ 4.8 ± 2.5 kpc for our HSB sample, consistent
with large scale surveys of barred galaxies (e.g. Erwin 2005; Marinova & Jogee 2007). This is
strongly contrasted with a mean bar length of ∼ 2.3 ± 1.2 kpc for our LSBs. Likewise, we find
a larger mean lower limit on bar strength for our HSB sample than for our LSBs, ∼ 0.5 ± 0.2
vs. ∼ 0.3 ± 0.1 respectively. As the size of galaxy disks is related to the morphology of a
galaxy, it is worthwhile to examine the bar length normalized to the disk scale length. The
disk scale lengths (h) for the HSBs are measured from derived surface brightness profiles,
and from Chapter 3 for the LSBs.
In Fig. 4.13 we show histograms of bar length normalized to the disk scale length (left
panel) and bar strength (right panel) for the LSBs from Chapter 3 (in blue) and the HSBs in
this chapter (in red). The normalized bar length allows us to better compare the bar sizes

163

Table 4.3: Corotation radii for our HSB sample within the bar (RCR1 ) and outside the bar
(RCR2 ) in arcsec. Relative bar pattern speeds associated with these corotation radii are also
listed, assuming the bar lengths in Table 4.4. We do not find an inner corotation radii for
NGC 337 or NGC 701. Columns 4 and 5 are repeated from Table 4.4 for easy comparison.
Galaxy

RCR1
(arcsec)
NGC 36
13.60±0.40
NGC 151
17.80±0.40
NGC 337
...
NGC 701
...
NGC 1022
9.20±0.40
NGC 1645 12.60±0.40
NGC 3300 18.60±0.40
NGC 4691 33.60±0.40
NGC 4699 12.80±0.40
NGC 5068 14.80±0.40
NGC 5205
9.20±0.40
NGC 5334 17.20±0.40
NGC 5339 23.40±0.40
NGC 5378 18.60±0.40
NGC 5406 10.40±0.40
NGC 5885
5.60±0.40
NGC 5947
6.60±0.40
NGC 6497 20.60±0.40
NGC 6941 11.20±0.40
NGC 6945
7.60±0.40
NGC 7321
9.40±0.40
NGC 7563 26.60±0.40
NGC 7591
6.20±0.40
PGC 3853
11.80±0.40
UGC 3253
7.40±0.40
UGC 12185 8.80±0.40

R1
0.76±0.08
0.57±0.06
...
...
0.43±0.07
0.58±0.06
0.91±0.09
0.91±0.09
0.87±0.12
0.63±0.08
0.60±0.08
0.97±0.10
0.88±0.09
0.81±0.08
0.52±0.06
0.61±0.07
0.68±0.07
0.97±0.11
0.86±0.10
0.71±0.08
0.75±0.09
0.97±0.10
0.42±0.05
0.53±0.09
0.39±0.05
0.69±0.09
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RCR2
(arcsec)
19.80±0.40
31.80±0.40
42.20±0.40
15.00±0.40
28.60±0.40
22.00±0.40
22.80±0.40
39.60±0.40
20.40±0.40
40.80±0.40
16.20±0.40
20.20±0.40
30.60±0.40
25.80±0.40
24.40±0.40
17.40±0.40
26.60±0.40
27.80±0.40
18.40±0.40
12.80±0.40
12.00±0.40
28.20±0.40
17.40±0.40
33.80±0.40
31.80±0.40
22.00±0.40

R2
1.10±0.12
1.02±0.10
1.42±0.15
1.43±0.16
1.33±0.20
1.01±0.11
1.12±0.12
1.07±0.11
1.39±0.18
1.75±0.20
1.06±0.13
1.13±0.12
1.15±0.12
1.12±0.11
1.22±0.14
1.91±0.46
2.74±0.30
1.31±0.15
1.41±0.17
1.20±0.13
1.22±0.14
1.03±0.10
1.17±0.12
1.51±0.26
1.66±0.20
1.74±0.21

Table 4.4: Bar properties for our HSB comparison sample. Bar lengths (taken as Raz ) are in
0
0
arcsec (Rbar ) and kpc (Rbar ), corotation radii are in arcsec (RCR ) and kpc (RCR ), relative
bar pattern speeds (R) and lower limits on bar strengths (Sb ) are unitless. Lengths in kpc
assume the distances in Table 4.1.
Galaxy

Rbar
(arcsec)
NGC 36
18.01±0.60
NGC 151
31.08±0.40
NGC 337
29.70±0.79
NGC 701
10.50±0.40
NGC 1022 21.38±2.38
NGC 1645 21.78±0.79
NGC 3300 20.39±0.40
NGC 4691 37.03±0.60
NGC 4699 14.65±1.19
NGC 5068 23.36±1.19
NGC 5205 15.25±0.99
NGC 5334 17.80±0.40
NGC 5339 26.54±0.40
NGC 5378 22.96±0.40
NGC 5406 20.00±0.99
NGC 5885
9.11±1.98
NGC 5947
9.70±0.40
NGC 6497 21.19±0.99
NGC 6941 13.07±0.79
NGC 6945 10.69±0.40
NGC 7321 16.04±0.99
NGC 7563 27.52±0.40
NGC 7591 14.85±0.40
PGC 3853
22.37±2.97
UGC 3253 19.20±1.39
UGC 12185 12.67±0.79

0

Rbar
(kpc)
7.30±0.57
7.59±0.54
2.82±0.22
1.17±0.09
1.88±0.25
7.57±0.60
4.70±0.37
3.84±0.28
1.82±0.20
1.63±0.15
2.04±0.19
2.13±0.16
5.73±0.41
5.31±0.39
7.70±0.66
1.42±0.33
4.15±0.34
9.23±0.78
5.55±0.51
2.69±0.21
7.79±0.73
7.49±0.54
4.87±0.37
1.24±0.54
5.61±0.19
5.72±0.56

0

RCR
RCR
R
Sb
(arcsec)
(kpc)
19.80±0.40 8.03±0.59 1.10±0.12 0.50
31.80±0.40 7.76±0.55 1.02±0.10 0.62
42.20±0.40 4.00±0.29 1.42±0.15 0.51
15.00±0.40 1.67±0.13 1.43±0.16 0.42
28.60±0.40 2.52±0.18 1.34±0.20 0.36
22.00±0.40 7.65±0.55 1.01±0.11 0.71
22.80±0.40 5.58±0.41 1.12±0.12 0.51
39.60±0.40 4.10±0.30 1.07±0.11 1.20
18.80±0.40 2.53±0.19 1.39±0.18 0.26
40.80±0.40 2.85±0.21 1.75±0.20 0.28
16.20±0.40 2.16±0.16 1.06±0.13 0.38
20.20±0.40 2.41±0.18 1.13±0.12 0.24
30.60±0.40 6.61±0.47 1.15±0.12 0.46
25.80±0.40 5.97±0.43 1.12±0.11 0.49
24.40±0.40 9.40±0.68 1.22±0.14 0.56
17.40±0.40 2.72±0.20 1.91±0.46 0.18
26.60±0.40 11.37±0.82 2.74±0.30 0.51
27.80±0.40 12.11±0.87 1.31±0.15 0.48
18.40±0.40 7.82±0.57 1.41±0.17 0.34
12.80±0.40 3.22±0.25 1.20±0.13 0.29
19.60±0.40 9.52±0.69 1.22±0.15 0.27
28.20±0.40 7.67±0.55 1.03±0.10 0.76
17.40±0.40 5.71±0.42 1.17±0.12 0.60
33.80±0.40 1.88±0.14 1.51±0.26 0.36
31.80±0.40 9.29±0.66 1.66±0.20 0.32
22.00±0.40 9.93±0.72 1.74±0.21 0.51
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Figure 4.13: Comparison of bar properties between LSBs (dashed blue line) and HSBs (solid
red line). Left: Normalized bar length (Rbar /h); Right: Bar strength.
between HSBs and LSBs as we can now see the bar length compared to the size of the galaxy
disk (see Erwin 2005). When using this metric, we can see that bars in HSBs and LSBs
are similar in length compared to the size of the galaxy disk, with HSB bars having a mean
normalized length of 1.06 and LSB bars having a mean normalized length of 0.81. In fact,
there is a 14% probability that the null-hypothesis (that both populations are the same) is
not rejected when performing a Kolmogorov-Smirnov (KS) test. However, the bar strengths
for the two galaxy populations are quite distinct, with a KS test rejecting the null-hypothesis
at 99.6%.
In Fig. 4.14 we show the relative bar pattern speed (R) vs. bar strength (Sb ) for the LSBs
from Chapter 3 (blue triangles) and the HSBs in this chapter (red circles). As in Chapter 3,
we do not find any relation between bar strength and relative bar pattern speed. The HSB
with the very strong bar is NGC 4691.
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Figure 4.14: Relative bar pattern speed (R= RCR /Rbar ) vs. bar strength (Sb ). Blue triangles
show the LSBs from Chapter 3, and red circles show the HSBs from this chapter. The
horizontal line at R= 1.4 is the separator of fast and slow bars.
In Fig. 4.15 we show bar length in kpc and normalized bar length as functions of bar
strength for both HSBs and LSBs. Consistent with previous works (e.g. Dı́az-Garcı́a et
al. 2016; Guo et al. 2019), we find a clear trend between the two: bar strength increases
with increasing bar length. For bar length in kpc we find Rbar (kpc) = 5.32Sb + 1.71 with
a scatter of 1.98 and Spearman coefficient of 0.54. For normalized bar length, we find
(Rbar /h) = 1.12Sb + 0.53 with a scatter of 0.38 and Spearman coefficient of 0.64.
In Fig. 4.16 we show normalized bar length, bar strength, and relative bar pattern speed
as functions of Hubble type (T ). We find that there is a clear dependence on all three
parameters with T . In the top two panels, bar length and strength clearly decrease as one
moves to later T . Erwin (2005) found a similar result, with early type galaxies having bars
that extend up to 10 kpc, and later type galaxies having bars that only extend up to 3.5 kpc.
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Figure 4.15: Bar length as a function of bar strength. Top: bar length in kpc; Bottom:
normalized bar length. Red circles are HSBs and blue triangles are LSBs. The dashed lines
and shaded regions indicate the fits described in the text.
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We also find that the bar length compared to the disk decreases as one moves to later T .
We find the inverse relation in the bottom panel, with relative bar pattern speed weakly
increasing as one moves to later T , similar to the findings in Rautiainen et al. (2005) and
Font et al. (2019). The two very slow bars (i.e. R > 2) are the HSB NGC 5947 and LSB
F563-V2. Such slow bars have been reported in the literature (see the HSBs in Font et al.
2017; Guo et al. 2019). We note that this is an expected result for F563-V2, as it is an LSB,
but that it is unexpected to find such a slow bar in an HSB.

4.4.2

Gas and Stellar Masses

Our final HI masses, stellar masses, and gas fractions for our HSB subsample are shown in
Table 4.5: HI flux (col. 2), HI mass (col. 3), V -band luminosity (col. 4), B − V (col. 5),
V -band stellar mass-to-light ratio ΥV∗ (col. 6), stellar mass (col. 7), and gas fraction (col. 8).
We find a mean HI and stellar mass of ∼ 6.2 × 109 M and ∼ 2.5 × 1010 M respectively. We
find our HSBs to be stellar dominated (i.e. most have fgas < 0.5).

4.4.2.1

Comparison with LSBs

In Fig. 4.17 we show log (Mgas /M∗ ) vs. log M∗ for our LSBs (blue triangles) and HSB
comparison sample (red circles). From this, we can see that both barred LSBs and HSBs
fall along the same relation, with the two populations occupying different regions and
forming a continuum between them. The two LSBs with large errors are F602-1 and PGC
70352, who have large uncertainties on their r-band magnitudes. The solid line is the fit
log (Mgas /M∗ ) = −0.80 log (M∗ ) + 7.73, with the shaded region showing the scatter of 0.43.
We find a Spearman coefficient of -0.72. This is similar to the relation between log (MHI /M∗ )
and log (M∗ ) found in Chapter 3 (see Sec. 3.6), albeit with a larger scatter (0.43 vs. 0.22).
In Fig. 4.18 we show histograms of stellar, gas, and total baryonic mass (i.e. M∗ + Mgas )
for the LSBs and HSBs. These two galaxy populations clearly occupy different mass regimes.
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Figure 4.16: Bar properties as a function of Hubble type (T ) for both the HSB sample (red
circles) and LSB sample (blue triangles). Top Left: normalized bar length; Top Right: lower
limit on bar strength; Bottom: relative bar pattern speed. The dashed line in the bottom left
panel separates slow and fast bars. The two very slow bars (i.e. R > 2) are the HSB NGC
5947 and LSB F563-V2.
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Table 4.5: Gas and stellar masses for our HSB subsample. HI flux (col. 2, FHI ), HI mass (col. 3,
log MHI ), V -band luminosity (col. 4, log LV ), B − V color (col. 5), V -band mass-to-light ratio
(col. 6, ΥV∗ ), stellar mass (col. 7, log M∗ ), and gas fraction (col. 8, fgas = Mgas /(Mgas + M∗ )).
V -band luminosities are calculated using the distances in Table 4.1.
Galaxy
NGC 36
NGC 151
NGC 337
NGC 701
NGC 1022
NGC 1645
NGC 4691
NGC 4699
NGC 5068
NGC 5205
NGC 5334
NGC 5339
NGC 5378
NGC 5406
NGC 5885
NGC 6941
NGC 7321
NGC 7563
NGC 7591
PGC 3853
UGC 3253

FHI
(Jy km/s)
8.09
19.05
38.73
18.54
3.87
9.20
4.29
26.79
103.75
10.38
3.60
5.86
3.56
4.88
31.33
7.31
5.60
1.74
20.32
46.99
5.65

log MHI
(M )
10.13
10.06
9.54
9.36
8.48
10.05
8.66
9.62
9.71
9.27
8.71
9.44
9.28
9.86
9.89
10.12
10.12
9.11
10.34
9.16
9.69

log LV
(L )
10.47
10.45
9.85
9.49
9.59
10.22
9.97
10.55
10.13
9.46
9.92
10.17
10.04
10.53
10.07
10.38
10.62
10.16
10.21
9.12
9.99
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(B − V )

ΥV∗

0.63
0.75
0.43
0.85
0.78
0.75
0.70
0.68
0.52
0.60
0.38
0.54
0.72
0.77
0.46
0.76
0.50
0.77
0.80
0.57
0.71

1.64
2.40
0.70
3.13
2.60
2.40
2.04
1.92
1.04
1.44
0.53
1.16
2.22
2.53
0.82
2.47
0.96
2.53
2.79
1.30
2.16

log M∗
(M )
10.69
10.83
9.69
9.99
10.00
10.60
10.28
10.83
10.15
9.61
9.65
10.24
10.39
10.94
9.98
10.77
10.60
10.56
10.66
9.24
10.33

fgas
0.28
0.19
0.50
0.25
0.04
0.28
0.03
0.08
0.34
0.39
0.14
0.18
0.10
0.11
0.53
0.24
0.32
0.05
0.40
0.54
0.24

Figure 4.17: log (Mgas /M∗ ) vs log (M∗ ) for our LSBs (blue) and HSB (red) sub sample. The
solid line is the fit log (Mgas /M∗ ) = −0.80 log (M∗ ) + 7.73, with the shaded region showing
the scatter of 0.43.
In the top left panel, we can see that barred LSBs extend across 3 decades in stellar mass,
down to ∼ ×108 M , while barred HSBs occupy the higher 2 decades of mass, up to nearly
1011 M . In the top right panel, we see that barred LSBs and HSBs occupy the same gas
mass range, with both distributions peaking around ∼ 0.5 × 109 M . When examining the
total baryonic masses (bottom left panel in Fig. 4.18), we can see that the LSB total baryonic
mass remains roughly unaffected by the stellar mass, while the HSB total baryonic mass is
mostly determined by the stellar mass.
In Figures 4.19, 4.20, and 4.21 we explore if there is a dependence of the bar properties on
stellar (M∗ ), gas (Mgas ), and total baryonic mass (Mtot ) respectively. In each of these figures,
the top left panel shows normalized bar length (i.e. Rbar /h), the top right panel shows bar
strength, and the bottom panel shows relative bar pattern speed. The dashed lines in the top
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Figure 4.18: Histograms of masses for LSBs (blue dashed line) and HSBs (red solid line). Top
Left: stellar mass; Top Right: gas mass; Bottom Left: total baryonic mass (i.e. M∗ + Mgas ).
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panels of each of these figures indicate a fit to the data, with the shaded regions indicating
the scatter. The HSB at (Rbar /h) ∼ 2.3 in all three figures is NGC 7563 and is excluded from
the fits. The HSB at Sb ∼ 1.2 is NGC 4691 and is excluded from the fits as well. The very
slow bar is the LSB F563-V2.
For normalized bar length, we find the following best fits, scatters (σ), and Spearman
coefficients (ρ):
(Rbar /h) = 0.27 log (M∗ /M ) − 1.68, σ = 0.42, ρ = 0.43
(Rbar /h) = −0.02 log (Mgas /M ) + 1.21, σ = 0.45, ρ = −0.02

(4.21)

(Rbar /h) = 0.37 log (Mtot /M ) − 2.83, σ = 0.42, ρ = 0.39
For bar strength, we find:
Sb = 0.16 log (M∗ /M ) − 1.16, σ = 0.20, ρ = 0.55
Sb = −0.10 log (Mgas /M ) + 1.36, σ = 0.22, ρ = −0.10

(4.22)

Sb = 0.18 log (Mtot /M ) − 1.45, σ = 0.21, ρ = 0.41
We find both bar length and bar strength to show a clear relation with stellar and total
mass, consistent with Dı́az-Garcı́a et al. (2016) and Font et al. (2017). This is not too
surprising considering bars are stellar features. Supporting this, we find that both bar length
and strength are relatively independent of gas mass, having roughly flat slopes.
We do not find a relation for relative bar pattern speed with mass (bottom panels),
consistent with Font et al. (2017). Instead, we find that there appear to be fast and slow
rotators (the horizontal dashed line show the deliminator of R = 1.4) at all masses, with the
majority of all masses being fast.
In all three plots of mass vs. bar length (top left panels of Figs. 4.19, 4.20, 4.21), we find
a clear transition from LSBs (blue triangles) to HSBs (red circles). While there is overlap
between the two populations, with some HSBs having quite short bar lengths, LSBs clearly
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Figure 4.19: Stellar mass vs. bar properties for the full sample. HSBs are red circles, and
LSBs are blue triangles. Top Left: bar length in kpc; Top Right: bar strength; Bottom:
relative bar pattern speed. The dashed lines in the top panels indicate the fits (Rbar /h) =
0.27 log (M∗ /M ) − 1.68 and Sb = 0.16 log (M∗ /M ) − 1.16 respectively. The shaded regions
indicate the scatter about each fit: 0.42 and 0.20 respectively. The HSB at (Rbar /h) ∼ 2.3 is
NGC 7563 and is excluded from the fit. The HSB at Sb ∼ 1.2 is NGC 4691 and is excluded
from the fit. The horizontal dashed line in the bottom left panel separates fast and slow bars
(R = 1.4). The very slow bar is the LSB F563-V2.
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Figure 4.20: Same as Fig. 4.19, but with gas mass. The indicated fits are (Rbar /h) =
−0.02 log (Mgas /M ) + 1.21 and Sb = −0.10 log (Mgas /M ) + 1.36, with scatters of 0.45 and
0.22 respectively. The HSB at (Rbar /h) ∼ 2.3 is NGC 7563 and is excluded from the fit. The
HSB at Sb ∼ 1.2 is NGC 4691 and is excluded from the fit. The very slow bar is the LSB
F563-V2.
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Figure 4.21: Same as Fig. 4.19, but with total baryonic mass (i.e. Mgas + M∗ ). The indicated
fits are (Rbar /h) = 0.37 log (Mtot /M ) − 2.83 and Sb = 0.18 log (Mtot /M ) − 1.45, with
scatters of 0.42 and 0.21 respectively. The HSB at (Rbar /h) ∼ 2.75 is NGC 7563 and is
excluded from the fit. The very slow bar is the LSB F563-V2.
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occupy the lower mass, shorter bar regime. In other words, it is not that HSBs cannot be
hosts to short and weak bars, but that it appears that LSBs cannot be hosts to long and
strong bars.
We show normalized bar length and bar strength as a function of both µ0 (B) (left panels)
and log (Mgas /M∗ ) (right panels) in Fig. 4.22. We find clear relations for all four comparisons.
For normalized bar length we find the following best fitting relations, scatters (σ), and
Spearman coefficients (ρ):
(Rbar /h) = −0.27µ0 + 6.75, σ = 0.38, ρ = −0.62
(4.23)
(Rbar /h) = −0.26 log (Mgas /M∗ ) + 0.91, σ = 0.42, ρ = −0.40
and for bar strength we find:
Sb = −0.08µ0 + 2.09, σ = 0.21, ρ = −0.44
(4.24)
Sb = −0.19 log (Mgas /M∗ ) + 0.35, σ = 0.18, ρ = −0.52
Interestingly, we find very similar slopes between the two different comparisons, suggesting
an underlying correlation between µ0 and log (Mgas /M∗ ). Supporting this, there is a clear
separation between HSBs and LSBs at log (MHI /M∗ ) ∼ 0, suggesting the designation of
µ0 (B) ∼ 22.5 mag arcsec−2 as the low surface brightness regime corresponds to the turn over
from stellar to gas domination. We stress that the designation of our LSBs and HSBs was
solely based on surface brightness before any analysis had been done.
Finally, we show R as a function of both µ0 (B) (top) and log (MHI /M∗ ) (bottom) in
Fig. 4.23. We find no relation between R and surface brightness (top panel), with bars
in galaxies with µ0 (B) ≈ 23 mag arcsec−2 rotating just as fast as those in galaxies with
µ0 (B) ≈ 20 mag arcsec−2 . Likewise, we find no relation with R and log (MHI /M∗ ). Perhaps
worth noting is an apparent ‘jump’ in R at the transition between LSBs and HSBs, although
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Figure 4.22: Normalized bar length and bar strength as functions of central surface brightness
µ0 (B) and log (MHI /M∗ ). LSBs are shown as blue triangles, and HSBs are shown as red
circles. The dashed lines and shaded regions in each panel indicate the fits and scatters
described in the text. The HSB at R ∼ 2.3 is NGC 7563 and is not excluded from the fits.
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this is most likely not indicating an underlying process and could be a result of the limited
sample size.

4.5

Discussion and Conclusions

We have measured three bar properties for a sample of high surface brightness galaxies (HSBs)
to compare with bars in low surface brightness galaxies (LSBs): bar length, strength, and
corotation radius. We have explored these properties across various galaxy properties: Hubble
type, surface brightness, and mass. We find clear trends across all three of these properties,
with a smooth transition between the two galaxy populations. When examining trends with
(Mgas /M∗ ), we find that HSBs generally have longer and stronger bars than those in LSBs with
a clear suppression of bar length and strength in the latter occurring at log (Mgas /M∗ ) ∼ 0.
In addition, while bars in HSBs can be short (∼ 2 kpc), our results seem to imply that bars
in LSBs cannot exceed ∼ 5 kpc, with a mean bar length of only ∼ 2.3 ± 1.2kpc. Finally, when
looking at the normalized bar length (Rbar /h), bars in LSBs have bars that are shorter than
their scale lenghts, with a mean normalized length of ∼ 0.8 ± 0.3. On the other hand, bars in
HSBs span a much larger range, with a mean normalized length of ∼ 1.1 ± 0.5. Finally, while
the two populations have statistically similar normalized bar lengths, we find clear relations
between bar length and galaxy properties with a continuum present between the two galaxy
populations.
Finding results similar to ours, Cervantes Sodi & Sánchez Garcı́a (2017) interpreted the
trend of bar length with µ0 as evidence of an underlying trend between µ0 and halo spin (λ).
In other words, the high spin of the dark matter halo that an LSB is embedded in plays a
part in regulating the bar length. In addition, the high gas content of barred LSBs we find is
consistent with the general picture of gas both prohibiting the formation of and inhibiting
the further growth of bars due to the transfer of angular momentum between the gas and bar
(Villa-Vargas et al. 2010; Masters et al. 2012; Cervantes Sodi 2017). When examining bar
length and strength as functions of (Mgas /M∗ ), we find a clear separation between LSBs and
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Figure 4.23: Relative bar pattern speed as functions of central surface brightness and
log (Mgas /M∗ ). LSBs are shown as blue triangles, and HSBs are shown as red circles. In both
panels the horizontal line at R = 1.4 separates slow and fast rotators.
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HSBs about log (Mgas /M∗ ) ∼ 0, supporting the idea that these two galaxy populations have
a different underlying evolutionary history.
We find that the relative bar pattern speed (R) does not correlate well with any of the
galaxy properties, only suggesting a weak trend towards slower values with increasing T .
Numerous works have found a similar result, namely Pérez et al. (2012) who found R < 1.4
across redshifts 0 < z < 0.8, and Aguerri et al. (2015) who found bars to be fast for late type
galaxies (SB0 < T < SBbc). Taking both works into account, it seems that bars form fast
and remain fast regardless of Hubble type. With our LSBs, we are able to both confirm and
extend this conclusion to later Hubble types, as well as show that R is also independent of
surface brightness and gas content. This therefore suggests that there has not been significant
bar slowdown due to angular momentum transfer between the bar and dark matter halo,
contrary to expectations from numerical simulations. For LSBs, the fact that we find short,
weak, and fast bars is strong evidence that these galaxies reside in high spin dark matter
halos, consistent with both predictions (e.g. Dalcanton et al. 1997; Jimenez et al. 1998) and
observations (e.g. Cervantes-Sodi et al. 2013; Cervantes Sodi & Sánchez Garcı́a 2017).
Before concluding, it bears note to mention the recent findings of Font et al. (2017)
regarding R. Based on measuring R and Ωbar (the bar pattern speed), it appears as though
R is not as true of a measure of a bar’s rotation as previously thought. In fact, aspects of a
galaxy’s evolutionary history can conspire to make R < 1.4. For instance, there are galaxies
in their sample that have bars classified as slow, despite having bar pattern speeds greater
than those of bars that are classified as fast. They suggest instead measuring Γ = Ωbar /Ωdisk ,
or the ratio of the bar and disk pattern speeds, to classify bars as fast or slow. By doing
so, they conclude that most bars actually have been slowed down due to dark matter halos.
While this has tantalizing implications for LSBs, such a measurement is beyond the scope of
this chapter and must be left to a future study, as obtaining pattern speed measurements
requires spectroscopy.
We list our major conclusions here:
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1. Bars in LSBs are characteristically shorter and weaker than those in HSBs.
This is due to the high gas fractions in LSBs, with values log (Mgas /M∗ ) > 0 clearly
suppressing both bar length and strength.
2. The relative bar pattern speed shows no correlation with galaxy properties.
We find fast rotators across all Hubble types and masses, again consistent with barred
LSBs residing in high λ halos. However, based on recent findings regarding R, measurements of Ωbar and Ωdisk for barred LSBs are required to determine if bars in LSBs
have experienced significant slowdown due to the dark matter halo.
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Figure 4.24: Same as Fig. 4.4 for the remainder of the HSB sample.
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Figure 4.24: continued
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Figure 4.24: continued
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Figure 4.25: Same as Fig. 4.5 for the remainder of the HSB sample.
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Figure 4.25: continued
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Figure 4.25: continued
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Figure 4.26: Same as Fig. 4.6 for the remainder of the HSB sample.
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Figure 4.26: continued
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Figure 4.27: Same as Fig. 4.7 for the remainder of the HSB sample.
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Figure 4.27: continued
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Figure 4.27: continued
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Figure 4.28: Same as Fig. 4.8 for the remainder of the HSB sample.
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Figure 4.28: continued
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Figure 4.29: Same as Fig. 4.9 for the remainder of the HSB sample.
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Figure 4.29: continued

198

Figure 4.29: continued
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Figure 4.30: Same as Fig. 4.10 for the remainder of the HSB sample.
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Figure 4.30: continued
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Chapter 5
Discussion and Future Work

5.1

Introduction

Low surface brightness galaxies (LSBs) make up a significant fraction of the overall galaxy
population (McGaugh et al. 1995b; Impey & Bothun 1997), making them vital to our
understanding of galaxy formation and evolution. However, while certain aspects of LSBs
are relatively well understood, bars in LSBs are not. This dissertation has attempted to shed
additional light on barred LSBs, namely by characterizing the three bar properties: length,
strength, and corotation radius.
In this chapter, we summarize both the current understanding of bars in LSBs as well as
our findings from the previous chapters in Sec. 5.2. We go into the implications of our results
in the broader galaxy formation picture in Sec. 5.3, touching on the relation between halo
spin and bar properties. Finally, we discuss the next steps that need to be taken to answer
the remaining questions about bars in LSBs in Sec. 5.4.

5.2

Bars in Low Surface Brightness Galaxies

Compared to bars in HSBs, there is a significant lack of data for bars in LSBs. At first, this
was due to a combination of both a lack of data for LSBs in general, as well as numerical
work that showed LSB disks were quite stable to both local and global instabilities (see Mihos
et al. 1997; Mayer & Wadsley 2004). Indeed, Mihos et al. (1997) showed that the bar fraction
for LSBs was only ∼ 4%, and visually going through the large LSB catalogs of Schombert et
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al. (1992) and Impey et al. (1996) one can confirm the bar fraction is only a few percent when
excluding Malin 1 type LSBs (massive bulge dominated galaxies, with large, extended LSB
disks). However, recent work has identified an increasing number of barred LSBs, from ∼ 8%
in Honey et al. (2016) to ∼ 20% in Cervantes Sodi & Sánchez Garcı́a (2017) and ∼ 18% in
Pahwa & Saha (2018). While not as high as ∼ 60% for HSBs (when examining near infrared
imaging), the finding that roughly a fifth of LSBs are hosts to bars is a significant enough
fraction that begs additional study.

5.2.1

Relevance of this Work

In Chapter 4, we confirmed recent work that showed bars in LSBs were both shorter and
weaker than those in HSBs. More importantly, we presented currently the largest
sample of relative bar pattern speed (R = RCR /Rbar ) measurements for LSBs. In
fact, prior to this work, there was only one LSB with a relative bar pattern speed measurement
in the literature, UGC 628 (Chemin & Hernandez 2009; Chequers et al. 2016); measurements
for dark matter dominated dwarf galaxies also exist (Bureau et al. 1999; Banerjee et al. 2013).
These previous studies relied on using the Tremaine-Weinberg (TW) method (Tremaine &
Weinberg 1984) and numerical simulations to measure the corotation radius of the bar (RCR )
by measuring the bar pattern speed (Ωbar ), finding the bar to be quite slow (R ∼ 2).
We identified another method of measuring RCR that bypasses the time expensive nature
of the TW method in order to greatly expand the measurements of R for LSBs. Based
on spiral density theory, Puerari & Dottori (1997) determined that it would be possible to
measure RCR via crossings in phase profiles of B- and I-band images. This method has been
succesfully applied to a large number of HSBs (Aguerri et al. 1998, 2000a, 2015; Sierra et al.
2015). When applying this method to an initial sample of four barred LSBs (see Chapter 2),
we found that 3 were hosts to fast bars, including UGC 628. We found that the determination
of the bar radius was vital to measuring R, as the B- and I-band phase profiles of UGC
628 showed two intersections: one near ∼1400 and one near ∼3000 . If one were to use the bar
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radius reported in Chemin & Hernandez (2009) and Chequers et al. (2016), the intersection
far into the disk must be used, as corotation is thought not to occur within the bar. However,
we found that these bar lengths were overestimating the length by roughly 300 , bringing the
first phase intersection outside the bar region and therefore meant UGC 628 was host to a
fast bar.
Based on the discrepancy of the bar length measurements between our azimuthal light
profile method and three traditionally used methods in the literature, in Chapter 3 we tested
the four methods against mock galaxy images and found our azimuthal method to give the
most consistent bar length measures. In that chapter, we also identified 11 additional barred
LSBs from Schombert et al. (1992) and Impey et al. (1996) and found that 9 were hosts
to fast bars. Finally in Chapter 4, we compiled an HSB comparison sample to explore bar
properties across surface brightness. We found in Chapter 4 that bars in HSBs were generally
hosts to longer and stronger bars than those in LSBs, both in kpc as well as relative to the
disk size. In total, we measured the relative bar pattern speeds of 15 barred LSBs
and found 13 to be hosts to fast bars.

5.3

Implications

Based on the results from Chapter 4, it becomes clear that high gas content is likely a major
factor in the size and strength of bars in LSBs. This is in line with both predictions (Mayer
& Wadsley 2004) and recent findings (Masters et al. 2012; Cervantes Sodi 2017). However,
Cervantes Sodi & Sánchez Garcı́a (2017) found that HSBs are hosts to longer and stronger
bars than LSBs at equal (MHI /M∗ ), suggesting another underlying cause in addition to gas
content. They found an anticorrelation between surface brightness and halo spin λ, leading
to the conclusion that bars in LSBs are shorter and weaker than those in HSBs due to the
high λ halos that LSBs reside in.
Further lending evidence to our barred LSBs living in high spin halos is the fact that we
find ∼ 75% of our sample to be hosts to fast bars. Centrally dense, static dark matter halos
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are expected to invoke a significant amount of braking on a bar due to angular momentum
transfer (Weinberg 1985; Debattista & Sellwood 2000). High spin halos, on the other hand,
cannot serve as a pure angular momentum sink. There is even evidence that high spin halos
can actually speed up bar rotation (Fujii et al. 2019). Based on this, it seems that all three
bar properties (length, strength, corotation radius) of our LSBs suggest an underlying high
spin halo.
On the other hand, Collier et al. (2018) show how halos with λ > 0.03 lead to shorter and
slower bars, with R > 1.4. Given that LSBs are thought to form in halos with spins greater
than λ ≥ 0.03 (Long et al. 2014) or λ ≥ 0.05 (Boissier et al. 2003; Kim & Lee 2013), it is then
surprising that we find the majority of our LSBs to be hosts to fast bars (i.e. R < 1.4). A
possible reason for this is the lack of inclusion of gas in Collier et al. (2018), which they claim
to have a minor role in the damping process. However, we have shown that barred LSBs
contain a significant amount of gas (most have fgas > 0.5), which can provide a significant
angular momentum sink for these galaxies.
And yet, there is a very good chance that R gives misleading information about the
true rotation of a bar. Font et al. (2017) showed via numerical simulations how various
evolutionary scenarios for a galaxy can cause a bar to appear fast over its entire life. For
instance, the angular momentum transfer from both the gas and halo will cause a bar to
grow in length and slow down (Font et al. 2019), causing R to remain roughly constant. This
can lead to galaxies having bars that are classified as slow rotators despite having pattern
speeds faster than bars classified as fast. Thus, they conclude that slowdown effects on bars
caused by interactions with dark matter halos have been underestimated. To counter this,
they propose measuring Γ = Ωbar /Ωdisk as a better means of classifying bars as fast or slow.
Bringing all this together, we seem to have conflicting information about the underlying
halos of our barred LSBs. On one hand, we find clear evidence that bars in LSBs have
experienced significant supression in their growth due to both their gas content, as well
as possibly indicating that they reside in high spin halos. We also find that bars in LSBs
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have relative bar pattern speeds comparable to those in HSBs, suggesting a high spin halo
has either formed a fast bar or sped it up and kept it short over the lifetime of the galaxy,
conspiring to keep R fast. On the other hand, there is recent work that suggests R is not a
valid measure of bar rotation and that bars have indeed been slowed down due to the dark
matter halo.
In order to fully understand the nature of the dark matter halos that barred LSBs are
embedded in, it becomes clear that measurements of λ are required. The original definition
of the spin parameter λ of a system is given in Peebles (1971) as

λ=

L|E|1/2
GM 5/2

(5.1)

where E is the total energy, M is the total mass, L is the total angular momentum, and
G is the gravitational constant. Based on a series of assumptions, namely that the disk
and halo have the same angular momentum, Hernandez & Cervantes-Sodi (2006) offer an
approximation of λ based on observables:
Rd

λ = 21.8

3/2

!
,

(5.2)

Vd

where Rd is the disk scale length in kpc and Vd is the flat portion of the rotation curve in
km s−1 . Cervantes-Sodi et al. (2008) found this approximation to accurately match predictions
from numerical simulations. We can therefore get a rough estimate of λ for those LSBs
in our sample with published rotation curves. From high quality rotation curves in the
literature, we can estimate Vd from the outer portion of the rotation curves, and we can use
the I-band scale lengths compiled from the literature in Chapter 3. From de Blok & Bosma
(2002) we obtain Vd = 130 km s−1 for UGC 628, and from de Blok et al. (2001b), we obtain
Vd = 130, 100, 120 km s−1 for F568-1, F568-3, and F563-V2 respectively.
Using the available data, we find the following λ estimates: for UGC 628, λ = 0.051; for
F568-1, λ = 0.080; for F568-3, λ = 0.074; and for F563-V2, λ = 0.033. This is consistent

206

with LSBs being embedded in halos with λ > 0.05. F563-V2 stands out as having the lowest
spin value, as well as being the only barred LSB with R  1.4. Finding such a clear result,
we would like to obtain estimates of λ for those LSBs and HSBs with available stellar mass
estimates from Chapter 4: 15 HSBs and 11 LSBs.
For consistency, we can use our I-band disk scale lengths in Chapter 3 for our LSBs, and
the r-band scale lengths from SDSS DR15 for our HSBs. However, rather than following
the procedure in Cervantes Sodi (2017) of adopting the r-band Tully-Fisher (TF) relation
from Pizagno et al. (2007) to obtain Vd , we instead adopt the Baryonic Tully-Fisher (BTF)
relation from Lelli et al. (2019) and use our total baryonic masses (Mbar = 1.4MHI + M∗ )
from Chapter 3 and Chapter 4 to obtain Vd :

log (Vd ) = 0.256 ∗ log (Mbar ) − 0.52.

(5.3)

We use the BTF here as it has long been know that the TF breaks down for gas rich, stellar
poor systems (see O’Neil et al. 2000; McGaugh et al. 2000). We can therefore obtain Vd
across all masses. However, for completeness, the r-band TF relation from Pizagno et al.
(2007) is given as
log V80 = −0.135(Mr + 21.107) + 2.21

(5.4)

where V80 is the velocity at the radius that contains 80% of a galaxy’s light (R80 ), and Mr is
the absolute r-band magnitude. For a pure exponential disk R80 = 3.03Rd .
In Table 5.1 we show Vd , Rd , λ, and R for the 11 LSBs in Chapter 3 and the 15 HSBs
in Chapter 4 that have both photometry and mass estimates. Here, LSBs are in the top
half of the table, and HSBs are in the bottom half. In Fig. 5.1, we show bar properties as
functions of log (λ). In the top left panel, we plot the bar in kiloparsecs and find that bar
length increases as you move to slower spinning halos. As λ is calculated with the disk scale
length, we do not explore trends with the normalized bar length here. We find the following
fit: Rbar = −2.63 log (λ) + 0.66 with a scatter of 2.20, and a Spearman coefficient of -0.26.
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Table 5.1: Estimates of the halo spin parameter λ for barred LSBs and HSBs based on the
model from Hernandez & Cervantes-Sodi (2006). Vd values are caulculated using the Baryonic
Tully-Fisher Relation from Lelli et al. (2019), with total baryonic mass (Mtot = 1.4MHI + M∗ )
taken from Chapter 4 using the ΥV∗ relation from Schombert et al. (2019). Rd values for the
LSBs are taken from our surface brightness profiles in Chapter 3. Rd values for the HSBs are
taken from Chapter 4. R values are taken from Chapter 3 and Chapter 4.
Galaxy
LSBs

UGC 628
UGC 2925
F563-V2
F568-1
F568-3
LEDA 135782
UGC 8066
F602-1
PGC 70352
HSBs NGC 36
NGC 151
NGC 337
NGC 701
NGC 1022
NGC 1645
NGC 4691
NGC 4699
NGC 5068
NGC 5205
NGC 5334
NGC 5339
NGC 5378
NGC 5406
NGC 5885
NGC 6941
NGC 7321
NGC 7563
NGC 7591
PGC 3853
UGC 3253

Vd
(km s−1 )
138.02±8.72
149.72±64.65
98.10±12.74
106.88±16.73
109.34±20.32
147.26±25.99
84.97±8.87
125.48±10.79
114.99±16.70
197.27±10.11
208.91±9.76
119.74±4.17
128.58±4.53
121.78±7.32
187.80±9.04
143.18±7.88
202.03±15.78
146.14±6.60
108.35±5.46
101.20±4.54
146.04±8.30
155.68±10.88
216.82±13.41
144.57±4.47
204.59±10.22
190.40±9.06
170.56±14.08
203.71±8.10
93.23±3.48
157.06±11.21

Rd
(kpc)
3.47±0.30
2.47±0.07
2.05
5.41
3.38
4.05±0.29
2.11±0.07
4.40±0.17
2.33±0.10
7.83±0.28
5.94±0.16
1.74±0.03
2.08±0.01
1.94±0.05
6.33±0.15
3.39±0.30
2.63±0.14
4.63±0.15
2.23±0.10
4.99±0.08
3.79±0.12
3.46±0.13
6.86±0.25
5.19±0.10
5.32±0.32
6.44±0.17
3.21±0.14
5.58±0.22
2.77±0.09
3.65±0.13

λ

R

0.11±0.01
0.11±0.07
0.16±0.03
0.24±0.06
0.16±0.04
0.05±0.01
0.30±0.05
0.13±0.02
0.12±0.03
0.062±0.005
0.043±0.003
0.029±0.002
0.031±0.002
0.031±0.003
0.054±0.004
0.043±0.004
0.020±0.002
0.057±0.004
0.043±0.003
0.107±0.007
0.047±0.004
0.039±0.004
0.047±0.004
0.065±0.003
0.040±0.003
0.053±0.004
0.031±0.004
0.042±0.002
0.067±0.004
0.040±0.004

1.25±0.11
1.48±0.22
2.38±0.30
1.34±0.22
1.13±0.17
1.05±0.32
1.06±0.15
1.29±0.19
1.31±0.24
1.10±0.12
1.02±0.10
1.42±0.15
1.43±0.16
1.34±0.20
1.01±0.11
1.07±0.11
1.39±0.18
1.75±0.20
1.06±0.13
1.13±0.12
1.15±0.12
1.12±0.11
1.22±0.14
1.91±0.46
1.41±0.17
1.22±0.14
1.02±0.10
1.17±0.12
1.51±0.26
1.66±0.20

We find a similar trend in the top right panel with bar strength, with strength increasing
with decreasing halo spin: Sb = −0.34 log (λ) − 0.02 with a scatter of 0.20, and a Spearman
coefficient of -0.54. Finally, we find no trend between R and λ in the bottom panel: bars are
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fast across various underlying halo spins. As a reminder, LSBs are expected to form in high
spin halos, with λ > 0.05 (log (λ) = −1.30), shown as the vertical short dashed line in each
panel of Fig. 5.1.
Finding such strong correlations between Rbar and Sb with λ, we suspect that the
correlations discussed in Chapter 4 are more likely reflecting the underlying halo spin. To
explore this, we show both central surface brightness and log (Mgas /M∗ ) as functions of λ
in Fig. 5.2. We find strong relations in each panel, with λ dictating both the gas content
and surface brightness of the galaxies. The dashed lines in each panel indicate the fits
µ0 = 2.37 log (λ) + 24.57 and log (Mgas /M∗ ) = 1.61 log (λ) + 1.69, with the shaded regions
indicating the scatters 0.68 and 0.52, and Spearman coefficients of 0.69 and 0.66 respectively.
It is important to note that the top panel is not too surprising, given that surface brightness
and disk scale length are related via the Tully-Fisher relation. However, this concern is not
relevant to the bottom panel.
Based on these results, we agree with Cervantes Sodi & Sánchez Garcı́a (2017) that the
underlying driver of bar length and strength appears to be the halo spin. In other words,
the correlations we found between bar properties and Hubble type, masses, and
surface brightness appear to be best explained via the high spin nature of the
halos that LSBs are embedded in.

5.4

Future Work: Searching MaNGA For Barred LSBs

While increasing the sample of measured barred LSB galaxies would obviously be beneficial to
shedding additional light on the bar properties of LSBs, obtaining high quality, integral field
unit (IFU) spectroscopic data for these galaxies should be the next priority in order to obtain
bar and disk pattern speeds from kinematics. Currently, only UGC 628 has a bar pattern
speed measurement. The advent of large-scale IFU surveys like the Calar Alto Legacry
Integral Field Area Survery (CALIFA, Sánchez et al. 2012) and the Mapping Nearby Galaxies
at APO Survey (MaNGA, Bundy et al. 2015) make it possible to obtain bar pattern speed
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Figure 5.1: Bar properties as functions of log (λ). Top Left: bar length in kpc; Top Right:
bar strength; Bottom: relative bar pattern speed. LSBs are shown as blue triangles, and
HSBs are shown as red circles. The HSB at Sb ∼ 1.2 is NGC 4691 and is excluded from the
fit. The dashed horizontal line in the bottom panel separates fast and slow bars, R = 1.4.
As a reminder, LSBs are expected to form in high spin halos, with log (λ) > −1.30, shown in
all panels as the vertical short dashed line. The very slow LSB bar is F563-V2.
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Figure 5.2: Central surface brightness, µ0 , and log (Mgas /M∗ ) as functions of λ. The dashed
lines in each panel indicate the fits µ0 = 2.37 log (λ)+24.57 and log (Mgas /M∗ ) = 1.61 log (λ)+
1.69, with the shaded regions indicating the scatters 0.68 and 0.76. As a reminder, LSBs are
expected to form in high spin halos, with log (λ) > −1.30, shown as the vertical short dashed
line in both panels.
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measurements for a large number of galaxies. For example, Guo et al. (2019) successfully
apply the TW method to 53 galaxies in the MaNGA catalog, although none of these galaxies
are LSBs.
The MaNGA IFU system consists of 1423 fibers, 2 arcsec in diameter, mounted on the
SDSS 2.5m telescope at Apache Point Observatory (APO). IFU bundles pointed at each
galaxy range from 19 to 127 fibers, and have fields of view ranging from 120 to 320 . In order
to obtain high spatial resolution of the galaxy targets, a three-point dither pattern is used
to bring the final pixel size to 0.5 arcsec for each map. The primary MaNGA sample is
determined from a subsample of the SDSS Main Galaxy Legacy Area by selecting galaxies in
a certain redshift range and, most importantly, having stellar masses M∗ > 109 M . When
adding in the additional LSBs from Chapter 4, we have shown that barred LSBs span roughly
three decades of stellar mass, from ∼ 108 M to ∼ 1010 M . In other words, this selection
criteria eliminates a portion of our LSB sample, as well as possibly only selecting those LSBs
with the highest stellar masses. However, it is still worthwhile to estimate the number of
LSBs in MaNGA.
To obtain a rough number of LSBs possibly in MaNGA, we use available SDSS photometry
for the MaNGA sample to estimate g- and r-band central surface brightnesses via

µ0 = m + 2.5 log (2πa2 ) + 2.5 log (q) − 10 log (1 + z).

(5.5)

B-band central surface brightnesses are then finally estimated via:

µ0 (B) = µ0 (g) + 0.47(µ0 (g) − µ0 (r)) + 0.17.

(5.6)

As obtaining pattern speeds can be difficult for galaxies with very high or very low inclinations
(Corsini 2011), we follow Guo et al. (2019) and constrain the axis ratio to the range 0.25 <
b/a < 0.8 (or inclinations between 37◦ and 76◦ ). It is also important to select galaxies with
low errors on position angle (Debattista 2003), although we cannot make such a cut to this
212

Figure 5.3: Estimated B-band central surface brightnesses for the observed disk galaxies in
MaNGA. The vertical dashed line at µ0 (B) = 22.5 mag arcsec−2 separates HSBs and LSBs.
data given the available data. In order to estimate the number of barred LSBs in MaNGA,
we match the MaNGA galaxies to those classified in Galaxy Zoo 2 (Willett et al. 2013),
specifically those with disk vote weights greater than 0.5. This leaves us with 1537 disk
galaxies in MaNGA.
We show the estimated central surface brightnesses for these galaxies in Fig. 5.3. Here,
the vertical dashed line at µ0 (B) = 22.5 mag arcsec−2 separates HSBs and LSBs. Clearly, the
observed MaNGA galaxies are heavily biased towards HSBs, with the distribution peaking
close to µ0 ∼ 21 mag arcsec−2 (roughly corresponding to the Freeman value of ∼21.65 mag
arcsec−2 , Freeman 1970). However, we note that there do appear to be LSBs present in
MaNGA (see to the right of the dashed line in Fig. 5.3).
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Next, we further cut the sample to only include galaxies with Sérsic indices <1.5 (taken
from the SDSS photometry) to exclude bulge dominated galaxies, as we want to avoid galaxies
with only LSB disks (see Greco et al. 2018). This leaves us with 29 possible LSBs in
MaNGA. Finally, to determine if a galaxy is barred or not, we insist that the bar vote
weight from Galaxy Zoo is greater than 0.5, leaving us with 8 possible barred LSBs in
MaNGA. We note that this is a heavily biased selection of LSBs, namely those with the
largest stellar mass and those with the strongest bars. In addition, our Sérsic index cut has
selected only the blue LSBs, even though a red population of LSBs exists (O’Neil et al. 1997).
In Fig. 5.4 we show (g − r) vs. (g − i) for the MaNGA galaxies, with open red stars
being HSBs and filled blue circles being LSBs. The vertical dashed line at (g − i) = 0.64 is
the deliminator between blue and red LSBs from Greco et al. (2018), showing our selected
LSBs are almost all blue. We list the mangaid, plateifu, coordinates, and estimated central
surface brightnesses of the possible LSBs in MaNGA in Table 5.2, with the barred LSBs
separated at the bottom by the horizontal line. mangaid and plateifu can be used to extract
a given data cube through various means, most easily from the Marvin API1 .
When visually examining these galaxies in Marvin, it appears as though our selection
cuts have appropriately selected barred LSBs. Even though we make no final cuts based on
quality of the MaNGA data cubes, that there are 8 possible barred LSBs in MaNGA
is exciting and warrants further exploration. By further applying a quality cut to the
data cubes (requiring no quality flags to be raised by the data reduction pipeline), we are
left with 4 barred LSBs and 11 remaining LSBs. In Fig. 5.5, we show the SDSS image (left
panel), stellar velocity map (2nd panel), and Hα velocity map (third panel) for the 4 barred
LSBs, and the same for the remaining LSBs in Fig. 5.6.
It is quite clear from theses figures that the quality of the LSB velocity maps is quite
variable, with 1-166889 and 1-592984 probably unusable due to no rotation present (i.e. there
are no clear red and blue shifted sides of the velocity fields), and the IFUs on 1-389503 and
1

https://dr15.sdss.org/marvin/
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Figure 5.4: Color-color diagram for MaNGA disk galaxies. Open, red stars show HSBs,
and filled blue circles show LSBs. The vertical dashed line at (g − i) shows the deliminator
between blue and red LSBs from Greco et al. (2018).
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Table 5.2: Possible LSBs in MaNGA. mangaid (col. 1) and plateifu (col. 2) can be used to
identify the galaxies for data cube retrieval. Col. 5 is our estimated B-band central surface
brightness.
mangaid

plateifu

1-71124 8139-12703
1-604846 8936-3703
1-201602 8936-12703
1-145669 8147-12704
1-121994 9485-9102
1-230171 8942-12705
1-460305 8241-12701
1-166889 8459-9101
1-389503 8944-1901
1-394390 8943-12703
1-148985 8999-12704
1-489927 8338-12703
1-188218 8995-12702
1-259001 8464-12705
1-419251 8322-12703
1-260783 8447-12703
1-286805 8329-12702
1-592984 8335-12704
1-594082 9036-12701
1-93598 8548-12703
1-177632 9883-12705
1-232722 8462-12704
1-232333 8462-12702
1-389244 8150-12702
1-167337 8456-12704
1-487293 8448-12705
1-488469 8449-12701
1-591308 8323-12703
1-295955 9048-12704

R.A.
Dec.
µ0 (B)
(degrees)
(degrees) (mag arcsec−2 )
114.047490 32.515147
22.95
117.543780 30.685090
22.95
118.053469 30.2557736
22.85
118.675160 26.642730
23.06
121.080505 37.709432
22.80
124.670296 26.535564
23.08
125.697648 17.330886
22.87
147.277689 44.048681
23.24
147.638800 34.098819
22.54
157.255706 36.605077
22.84
164.982122 50.408830
23.00
172.023327 23.429241
22.53
175.948649 54.707498
22.70
187.789625 44.712842
22.87
200.702318 31.324497
22.92
207.483361 40.895076
23.07
211.677261 44.431671
23.41
215.718400 40.622597
23.40
238.268460 43.683850
22.88
245.601009 47.731729
22.53
256.723850 32.169550
23.02
144.419761 38.062816
23.01
145.202128 36.455540
22.91
146.991437 32.991546
23.39
150.842878 45.763536
22.56
166.755650 22.296210
22.69
167.380591 22.428005
22.81
195.416050 36.290100
22.61
244.698658 25.188738
22.58
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1-66889 not covering the entire galaxy. In addition when looking at the galaxy images in
Fig. 5.6, the majority of the LSBs seem as though they could be barred. We note again that
our barred LSB candidates are simply those with bar weight votes greater than 0.5. It is
therefore necessary for one to obtain rotation curves and pattern speeds for all of the LSBs
we have identified, and classify the galaxies as barred based on further analysis.
Successfully measuring the bar pattern speed, Ωb , using these MaNGA data cubes would
increase the number of kinematic measurements for barred LSBs from 1 to 5. While it is
valuable to obtain additional measurements of a relatively unstudied galaxy parameter, we
would be unable to draw conclusions about the barred LSB population as a whole from only
5 galaxies. It is therefore necessary that a large number of barred LSBs are observed in order
to fully probe this important subset of the galaxy population. This would be a challenging
endeavour, due to the faint nature of LSBs, but in order to understand the true galaxy
population, barred LSBs must be properly understood. However, before undertaking such a
survey, these MaNGA data cubes will allow us to know if the TW method is appropriate to
apply to LSBs, as well as if these data are high enough quality and spatial/spectral resolution
for LSBs. It will then be possible to determine what instrumentation is required to undertake
a future LSB survey. Finally, it is important to note that there are other IFU surveys that
have different sample definitions and that this exercise only applies to the MaNGA sample.
A larger LSB sample could be found in these other surveys.
CALIFA (Sánchez et al. 2012) has been previously discussed in this work (see Chapter 4,
but likely would not provide an LSB sample given that it is comprised of only ∼650 nearby
galaxies. Another candidate survey would be the Sydney-AAO Multi-object Integral field
spectrograph (SAMI Croom et al. 2012). SAMI is comprised of 13 fiber bundles, called
hexabundles, each made up of 61 fibers and having a total field of view of 15 arcsec. Unlike
MaNGA, there is no stellar mass limit imposed on the sample selection, and is able to probe
down to ∼ 107 M (Bryant et al. 2015). The current data release contains 1559 galaxies
(Scott et al. 2018), which could allow one to assemble a sample of LSBs for future study.
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Figure 5.5: Barred LSBs in MaNGA with good quality data cubes. Here we show the SDSS
image for each galaxy (left panel), as well as the stellar (2nd panel) and Hα (third panel)
velocity maps. The velocity maps for each galaxy are all scaled to the same range.
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Figure 5.6: Remaining LSBs in MaNGA with good quality data cubes. Same as Fig. 5.5.
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Figure 5.6: continued.
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Figure 5.6: continued.
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Chapter 6
Summary and Conclusions

6.1

Introduction

In this chapter, we summarize each preceding chapter in Sec. 6.2-6.5. We end with our main
conclusions from this entire work in Sec. 6.6 and discuss outstanding questions and future
work in Sec. 6.7.

6.2

Summary of Chapter 2

In Chapter 2, we measured the bar properties of four well studied LSBs: UGC 628, F563-V2,
F568-1, and F568-3. We selected these galaxies as they had both existing photometry and
mass modeling that confirmed they were low surface brightness galaxies. In addition, these
four LSBs span very different morphologies, ranging from clear dual spiral structure in
UGC 628 and F568-1, to lopsided spiral morphology in F568-3, to tenuous disk structure
in F563-V2. We measured the bar lengths, strengths, and corotation radii of these galaxies,
finding these bars to be roughly comparable to those in HSBs, albeit slightly shorter and
weaker. In addition, we used the corotation radii to calculate the relative bar pattern speeds
of these bars, finding that UGC 628, F568-1, and F568-3 were hosts to fast bars. This was
intriguing, as UGC 628 previously had its bar pattern speed measured and was classified
as a slow rotator. We attributed this discrepancy to a difference in bar length used when
calculating the relative bar pattern speed, as when using the literature value for bar length
we found UGC 628 to be host to a slow bar. We also developed a new means of measuring
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the bar length in this chapter, based on analysis of azimuthal light profiles that performed
the best out of the four methods tested.

6.3

Summary of Chapter 3

In Chapter 3, we applied the same methods used in Chapter 2 to 11 new barred LSBs
identified from two large LSB catalogs. We found that when including the galaxies from
Chapter 2, bars in LSBs were categorically shorter and weaker than those in HSBs, but had
comparable relative bar pattern speeds. As determination of the relative bar pattern speed is
directly dependent on the bar length, we created mock galaxy images with a disk and bar to
apply the four bar length measures used to understand how accurate our bar lengths were.
We found that our azimuthal bar length measure introduced in Chapter 2 performed the best
and was the least biased measurement, leaving us to conclude that bars in LSBs were indeed
fast. We also presented new B- and I-band magnitudes, colors, and surface brightnesses for
the 11 additional barred LSBs in this chapter, as none existed in the literature. We found that
all but one galaxy, UGC 2925, were clearly LSBs, with µ0 (B) > 22.5 (mag arcsec−2 ), and that
barred LSBs were slightly brighter than unbarred LSBs. Finally, we obtained available HI
fluxes and determined mass-to-light ratios from the (B − I) colors to estimate gas and stellar
masses. We found that barred LSBs were just as gas rich as their unbarred counterparts.
In order to fully put these results into context with the general population of galaxies, we
needed a more representative sample of HSBs. However, we noted that it was possible that a
dark matter halo with a high spin could explain the short and weak bars in our LSBs.

6.4

Summary of Chapter 4

In Chapter 4, we identified a comparison sample of 24 HSBs and 2 LSBs from two large,
representative surveys with available SDSS images. When applying our bar measures from
the preceeding chapters to g- and i-band images, we found that bars in LSBs and HSBs
formed a continuum across Hubble type, mass, and surface brightness. More specifically, we
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found that the normalized bar length and bar strength formed clear trends as functions of
these galaxy properties. However, we did not find any trends with the relative bar pattern
speed, suggesting that bars were fast across Hubble type, mass, and surface brightness. Based
on all three of these results, we interpreted this as evidence of barred LSBs existing in high
spin dark matter halos. Together with the vast reserves of gas present in these galaxies, the
high spin dark matter halos prevent bars from growing in length or strength. In addition,
high spinning halos do not serve as good angular momentum sinks, preventing the bar from
slowing down significantly over time. These conclusions were consistent with previous findings.
However, we noted that based on recent findings regarding the reliability of the relative bar
pattern speed, spectroscopic analysis of barred LSBs was required to fully probe the nature
of the dark matter halos these galaxies are embedded in.

6.5

Summary of Chapter 5

In Chapter 5, we discussed the relevance and implications of our results, as well as exploring
possible future work. We noted that bars in LSBs are still relatively poorly understood when
compared to those in HSBs, but that recent work was shedding additional light. We also noted
that while our results about bar length and strength were consistent with previous findings,
we presented the currently largest number of relative bar pattern speed measurements for
LSBs, finding almost all to be fast rotators. In order to explain our results, we estimated the
spin of the underlying dark matter halos of both our LSB and HSB samples, finding that the
previous trends with Hubble type, mass, and surface brightness were best explained by the
halo spin. Thus, we concluded that the short, weak, and fast nature of the bars in LSBs are
best explained by the fact that these galaxies have vast reserves of gas and are embedded
in high spin dark matter halos. We ended this section by examining the MaNGA survey in
order to identify any possible targets for future spectroscopic study. After a series of cuts
to the sample, we found 29 possible LSBs and 8 possible barred LSBs out of roughly 1500
disk galaxies in MaNGA. As large scale surveys are biased against LSBs due to both sample
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selection (e.g. only selecting galaxies with stellar masses greater than 109 M ) as well as the
large observational overhead, a dedicated spectroscopic survey of LSBs may be required in
order to study the kinematics of barred LSBs en masse.

6.6

Conclusions

We list our main conclusions from this dissertation in terms of the four goals listed in
Chapter 1:
1. Characterize the bar properties for a large sample of barred LSBs. We
successfully measured the bar length, strength, and corotation radius of 15 barred LSBs.
We employed the use of azimuthal light profiles in order to measure all three properties
with only photometry, and developed a new bar length measure using these profiles.
In conjunction with the bar length, our corotation radii measurements constitute the
currently largest number of relative bar pattern speed measurements for LSBs, finding
13 to be hosts to fast bars.
2. Obtain surface brightness profiles, magnitudes, and colors for barred LSBs.
We successfully obtained new B- and I-band photometry for 11 barred LSBs. We found
barred LSBs were slightly brighter than the general LSB population, but had very
similar blue colors and relatively long disk scale lengths.
3. Obtain stellar and gas mass estimates for barred LSBs. We successfully obtained mass estimates for 10 barred LSBs using our I-band photometry and available
HI fluxes in the literature. We found that barred LSBs were just as gas rich as the
unbarred LSB population, having fgas = Mgas /(Mgas + M∗ ) > 0.5.
4. Compare our results for barred LSBs with those from barred HSBs. We
applied the same measurement techniques to a sample of 26 HSB across various Hubble
types, assembled from two large, statistically complete surveys to obtain bar lengths,
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strengths, and corotation radii. We applied these techniques to SDSS fully reduced
g- and i-band images and found bars in LSBs to be categorically shorter and weaker
than those in HSBs. However, we found that bars in LSBs and HSBs are almost all
fast rotators when examining the relative bar pattern speed, suggesting that bars in
galaxies have not experienced significant slowdown due to dark matter halos.

6.7

Unanswered Questions and Next Steps

Based on our findings, it appears as though bars in LSBs have not been slowed down due
to their dark matter halos. When estimating the halo spin parameter λ, we found that the
barred LSBs were embedded in high spin halos (λ > 0.03), which, when also accounting for
the large reserves of gas in these galaxies, can explain the short, weak, and fast nature of
the bars in LSBs. However, we are unable to say more about the dark matter halos these
galaxies are embedded in with our current data, and are therefore left with the following
unanswered questions:
1. What is the nature of the dark matter halos in barred LSBs? We know that
observations of non-barred LSBs suggest that the halo density profiles are cored, while
numerical simulations predict cuspy halos. However, barred LSBs have been historically
avoided in previous LSB studies. Therefore, this is still unexplored territory. Are barred
LSBs embedded in similar halos to the general LSB population? Do they show more
evidence of having cored halos, or do they show evidence of having cuspy halos? What
does the high spin nature of the halos suggest about the evolution of the dark matter
halos and its interaction with the disk?
2. How are bars in LSBs formed, and how do they evolve? While simulations
have predicted that bars in LSBs, if they form, are shorter and weaker when compared
to those in HSBs, we have shown that bars in LSBs are fast rotators. Cold dark matter
numerical simulations must be able to reproduce or explain this facet of bars in LSBs.
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In addition, as larger numbers of barred LSBs are being discovered, simulations must
be able to predict the formation and evolution of these galaxies. Do bars in LSBs form
at similar times to those in HSBs? Are fast bars in LSBs consistent with a centrally
dense, cuspy dark matter halo? If not, is there some process that has changed the halo
shape, or are the halos actually cored? How does the large reserve of gas affect the
formation of a bar in a high spin halo?
In order to answer these questions, two different approaches must be taken, both of which
are no easy task. Question 1 requires mass modeling of a large sample of barred LSBs in
order to determine the shape of the dark matter halo in these galaxies. This poses two
challenges, namely the observational overhead required, and the complications on deriving
rotation curves from velocity fields when a bar is present. We have shown that even in a large
IFU survey like MaNGA, barred LSBs are heavily biased against (we estimated there are 4
barred LSBs with good quality data out of the ∼1500 disk galaxies in MaNGA). Therefore,
even if the available data from this and other surveys are adequate, the sample would not be
large or representative enough to answer this question. However, given the recent advent
of large LSB catalogs (there are 12282 LSBs alone in Zhong et al. 2008), it is possible to
identify such a sample in order to undertake an IFU survey. However, another complication
is selecting an appropriately sized IFU for such a survey, as the entire disk of the barred
LSB would need to be observed. While this would obviously invoke a significant amount
of observational time, it would help shed further light on a virtually unknown facet of the
barred LSB population: their kinematics.
Question 2, on the other hand, requires high resolution, hydrodynamical simulations. We
have shown that barred LSBs are just as gas rich as the general LSB population, so gas
cannot be ignored in these simulations. In addition, various halo profiles must be considered
in order to determine what is most consistent with observations, rather than simply invoking
a centrally dense, cuspy halo. Collier et al. (2018), for example, explore bar formation and
evolution for various halo spins (0 < λ < 0.09), but only consider a cuspy NFW halo (α = −2)
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and a disk with no gas. Again, a significant amount of time would be required to run such a
suite of simulations, but it is necessary in order to fully explain the observations of bars in
LSBs. Possibly fulfilling such a requirement is the Illustris simulation (Vogelsberger et al.
2014).
Illustris is an impressive hydrodynamical cosmological simulation that aims to explore
the formation and evolution of our Universe, and broadly matches various galaxy scaling
relations (Vogelsberger et al. 2014; Genel et al. 2014). However, there appear to be significant
problems with ‘low-mass’ galaxies (defined as M∗ < 1011 M ) (Genel et al. 2014). Given that
this stellar mass is quite high (eclipsing all of our LSBs, and most of the galaxy population as
a whole), and that the baryonic resolution is still ∼ 106 M , it would be better if individual
simulations of barred LSBs were run, rather than large-scale, cosmological simulations with
the hopes of finding barred LSBs.
We have shown that barred LSBs are important to our understanding of the galaxy
population as a whole. Future work will shed light on the nature of the interaction between
dark matter halos and galaxy disks, and bars in LSBs will be vital in forming a complete
picture.
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Appendix A
Fringe Removal

The ARCTIC imager on the 3.5m telescope at Apache Point Observatory (APO) allows us to
obtain high quality, high spatial resolution optical images of low surface brightness galaxies
(LSBs). However, the I-band filter suffers from some severe fringing that must be removed
before any analysis is done. Here, we detail the process we employed in order to obtain our
clean I-band images.
In Fig. A.1 we show four I-band images of four different barred LSBs: LEDA 135682
(top left), LEDA 135684 (top right), LEDA 135693 (bottom left), and UGC 2925 (bottom
right). The fringing is quite obvious in these images, often obscuring the galaxies significantly.
In order to remove this fringing pattern, we followed the same approach for each night of
observing: obtain enough I-band images in order to construct a master fringe pattern by
averaging the images together. This was accomplished in the following way:
1. Observe each target more than once. Not only is this necessary to combat the
sky noise, but also provides additional images for averaging.
2. Dither significantly between each observation. Our final master fringe image
must only contain signal from the fringe patter itself, therefore our dithering pattern
ensures that signal from the same galaxy field do not overlap when averaging.
3. Observe additional dark regions of the sky as needed. Ideally, one would be
able to obtain all the data needed to construct a master fringe from the science images.
However, if this is not possible, deep images (i.e. >100 seconds of exposure time) of
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Figure A.1: Examples of bias subtracted, flat-fielded I-band ARCTIC images of four LSBs:
LEDA 135682, LEDA 135684, LEDA 135693, UGC 2925. These four galaxies were all
observed on the same night, with a total of three images per galaxy observed in the I-band.
In total, we averaged twelve images together to create a master fringe image.
relatively dark regions of the sky should be observed in order to provide enough data
to average.
The above procedure must be done for each night of observing. This is due to the
fact that the fringing pattern depends on a wide range of things, such as observing conditions,
and that the pattern evolves over time as the filter ages. We stress again that one should
not create a master fringe pattern and apply it to observations not obtained on the same
night. As long as the above procedure is followed, data for the master fringe image will be
acquired as science images are taken, imposing no additional observational time.
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Figure A.2: Master fringe image created from images in Fig. A.1 and additional images
obtained from the same night of observing.
Once it comes time to reduce the raw images, one should proceed as normal by subtracting
the bias and flat-fielding. As a reminder, the science images will then appear similar to those
in Fig. A.1. In order to construct the master fringe image, simply average the available
science I-band images together. The procedure outlined above will ensure that the resulting
average will consist of signal from the fringe pattern. Our master fringe image for the galaxies
in Fig. A.1 is shown in Fig. A.2.
As this master fringe image has been created using images with various sky levels, the
intensity must be scaled before applying it to any image. The simplest means of accomplishing
this is to determine the average ‘sky’ value of the master fringe image (i.e. the average value
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Figure A.3: Final, fringe corrected images for those images in Fig. A.1. Artifacts are still
visible in these images, namely near the edges of the images and near the centers.
of the darker regions in the image) and subtract it. Finally, by dividing by the maximum
value in the image, one now has a scalable image based on the sky value of any image taken
that night. Once scaled to the sky value of an image, it can be simply subtracted. The result
of this fringe correction for the images in Fig. A.1 is shown in Fig. A.3.
From these images, it is clear that while the fringe pattern has been removed, there are
still artifacts present. Thankfully, these are all but removed when combining multiple images
of the same galaxy. We show trimmed versions of our final, combined images in Fig. A.4.
However, it is worth pointing out means of further reducing these artifacts. For instance,
one could make sure that I-band observations of galaxies are away from the center of the
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Figure A.4: Bias subtracted, flat fielded, fringe corrected, combined and trimmed I-band
images for those galaxies in Fig. A.1.
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CCD, where the fringing is more apparent. For large enough targets this could be unavoidable,
however. Additionally, one could create master fringe images for each galaxy image, especially
if targets are at significantly different airmasses. Again, this could prove to be difficult to
accomplish if there are many science observations.
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Appendix B
Comparison of Stellar Mass Estimates

Here we show a comparison of stellar mass estimates between using Υr∗ , ΥI∗ , and ΥV∗ . In order
to obtain Υ∗I , we use the B- and I-band magnitudes in the HYPERLEDA database. We then
use the stellar mass-to-light ratio equaiton from Into & Portinari (2013):

log ΥI∗ = −0.997 + 0.641(B − I).

(B.1)

As we are dealing with SDSS images, we can also obtain stellar mass estimates by using
the r-band mass-to-light ratio from Bell et al. (2003):

log Υr∗ = −0.306 + 1.097(g − r)

(B.2)

Finally, we have the V -band mass-to-light ratio equation based on (B − V ) colors from
Schombert et al. (2019):

log ΥV∗ = −1.224(B − V )2 + 3.120(B − V ) − 1.271

(B.3)

We determine (B − V ) colors via the transformation from Cook et al. (2014):

(B − V ) = 0.89(g − r) + 0.16
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(B.4)

We obtain luminosities in the various bands in the same way: by using absolute magnitude
values of the Sun in various filters from (Willmer 2018) and the distances from Chapter 3
and Chapter 4.
In Fig. B.1 we show a comparison of our I-band and r-band stellar masses to the V -band
stellar masses. The dashed line in each panel shows unity. We can see that the I-band stellar
masses produce quite a significant amount of scatter, while the r-band stellar masses agree
quite well with the V -band masses. That we see the stellar masses are generally smaller for
the Into & Portinari (2013) model, and generally larger (but very similar) for the Bell et al.
(2003) model is consistent with Schombert et al. (2019) (see their Fig. 10).
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Figure B.1: Comparison of the Into & Portinari (2013) I- (top) and Bell et al. (2003) r-band
(bottom) stellar mass estimates to the V -band mass estimates from Schombert et al. (2019).
Blue triangles are LSBs and red circles are HSBs. The dashed lines in each panel show unity.
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